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Abstract 


The  megagametophyte  of  Plumbago  zey/anica  L.  (Plumbaginaceae, 
Plumbaginoideae),  lacking  synergids,  is  among  the  most  highly  reduced  in  flowering 
plants.  The  female  gametophyte  consists  of  five  cells:  a  large  vacuolate  egg  with 
a  micropylar  filiform  apparatus  and  chalazally-situated  nucleus;  a  vacuolate  central 
cell  with  fused  polar  nuclei  directly  opposite  the  egg  nucleus,  and  three 
accessory  cells  (one  chalazal  cell  and  two  lateral  cells)  which  may  degenerate 
prior  to  fertilization  or  persist  into  early  embryogeny. 

The  microgametophyte  is  organized  into  three  cells  at  floral  anthesis:  two 
connected  spindle-shaped  sperm  cells,  and  a  vegetative  cell  with  a  large 
polymorphic,  lobed  nucleus.  A  projection  of  one  of  the  sperm  cells  wraps 
around  the  vegetative  nucleus,  lying  in  indentations  on  its  surface  and  providing 
the  structural  basis  of  an  association  between  the  sperm  and  vegetative  nucleus 

which  is  observed  throughout  pollen  tube  growth.  Absolute  counts  of  organelle 

content  are  given  for  eleven  pairs  of  sperm  cells.  The  associated  sperm 
possesses  the  majority  of  the  mitochondria  and  rarely  contains  plastids,  whereas 
the  other  sperm  cell  has  numerous  plastids.  The  basis  for  this  asymmetrical 

distribution  of  heritable  organelles  is  apparently  established  prior  to  generative  cell 
division 

Pollen  tube  growth  is  initiated  within  15  minutes  of  pollination  After 
penetrating  the  stigmatic  surface,  the  tube  grows  exclusively  between  the 
thick-walled  cells  of  the  transmitting  tissue  in  the  lower  stigma  and  style.  The 

tube  enters  the  ovule  through  a  micropyle  formed  by  the  inner  integumert, 
displaces  several  nuceliar  cells,  and  penetrates  the  megagametophyte  through  the 
eggs  filiform  apparatus.  It  continues  to  grow  between  the  egg  and  central  cell 
untii  reaching  an  area  of  strong  curvature  in  the  egg  wall,  70-80  um  deep  in 
the  megagametophyte,  approximately  8.5  hr.  following  pollination,  where  a  terminal 
aperture  forms  and  the  two  sperm  cells,  vegetative  nucleus  and  a  limited  amount 
of  pollen  cytoplasm  are  released.  Components  of  the  egg  cell  wall  are  disrupted 
near  the  tube  aperture,  and  the  disappearance  of  the  inner  and  outer  vegetative 
cell  membrane  and  the  sperm  cell  wall  results  in  the  plasma  membrane  of  the 


iv 


~ 


sperm  becoming  tightly  appressed  to  that  of  the  egg  and  central  cells 

Gamete  fusion  is  apparently  initiated  at  one  location  in  each  of  the  sperm, 
resulting  in  transmission  of  sperm  nuclei  into  the  egg  and  central  cells.  Membrane 
fusion  events  appear  to  be  completed  at  additional  sites  as  well,  as  evidenced 

by  the  transient  presence  of  identifiable  sperm  membranes  within  cells  of  the 
female  gametophyte.  Following  gamete  fusion,  remnant  sperm  membranes  in  the 

egg  and  central  cell  rapidly  vesiculate  and  may  not  be  detected  after  several 

minutes  have  elapsed  Transmitted  heritable  sperm  organelles  may  be  identified  in 
the  egg  and  central  cells.  Morphological  differences  in  plastid  structure  allow  the 
identification  of  male  plastids  in  the  egg  directly,  and  statistically  significant  size 
differences  between  sperm  mitochondria  and  those  of  other  cells  in  the  male 

and  female  gametophyte  permit  sperm  mitochondria  in  the  central  cell  to  be 
differentiated  on  a  populational  basis  soon  after  gamete  fusion.  The  timing  of 
these  observations  relative  to  gamete  fusion,  the  distance  of  sperm  nuclei  from 
their  respective  target  nuclei  and  the  iocation  of  mitochondria  and  plastids 
flanking  the  sperm  nuclei  corroborate  the  interpretation  concerning  paternal  origin 
of  these  organelles.  Organelles  within  unfused  cytoplasmic  bodies  observed 

between  the  egg  and  central  cell  are  similar  to  those  in  the  sperm  and 
presumably  represent  segments  of  the  sperm  cell  which  become  separated  from 

the  main  sperm  cell  body  near  gamete  discharge.  The  process  of  nuclear  fusion, 
initiated  approximately  8.7  hr.  after  pollination,  is  similar  to  that  in  other 
angiosperm  taxa  described  to  date. 

In  terms  of  structure  and  function,  the  egg  of  P.  zeylanica  may  be 
regarded  as  a  single-celled  egg  apparatus,  with  numerous  synergid  structures  and 
functions  transferred  to  the  egg.  Unlike  the  typical  synergid,  however,  the  egg 

does  not  directly  receive  the  pollen  tube  or  undergo  degenerative  changes  as  a 
result  of  pollen  tube  arrival,  and  functions  as  a  gamete  in  the  establishment  of 

the  embryo.  The  implications  of  asymmetrical  distribution  of  heritable  organelles  in 
the  sperm  are  not  yet  fully  explored,  but  suggest  the  possiblity  of  gametic 
recognition  with  conservation  of  sperm  plastids  within  the  embryo. 
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I.  Introduction 


In  her  Systematic  Embryology  of  the  Angiosperms,  Davis  (1966)  refers  to 
some  5.500  separate  studies  in  summarizing  the  state  of  our  knowledge 
concerning  the  structure  and  variability  of  the  gametophyte  in  flowering  plants. 

Undoubtedly,  there  were  numerous  publications  which  she  could  have  cited  but 

did  net,  and  many  more  publications  have  appeared  since.  Among  these  published 
works,  far  fewer  studies  concern  problems  dealing  with  the  basic  biology  and 

nature  of  sexual  reproduction  in  angiosperms  (as  separated  from  taxonomic 
embryology).  As  more  careful  recent  work  has  indicated,  only  during  the  last 
twenty  years  has  the  process  of  sexual  reproduction  in  angiosperms  been 
understood  more  clearly.  To  a  large  degree,  the  development  of  our  knowledge 
has  remained  closely  linked  to  the  development  of  new  techniques. 

Early  workers  in  the  field  of  embryology  were  hampered  by  severe 

technical  problems,  including,  those  problems  inherent  in  using  cleared  ovules  to 
visualize  cells  and  nuclei  involved  in  sexual  reproduction.  Near  the  turn  of  the 

century,  techniques  improved  and  with  the  advent  of  paraffin  microtomy  the 

embryological  literature  burgeoned.  Biologists  turned  to  improved  methods  of 
fixation,  but  in  retrospect  the  types  of  image  that  proved  aesthetically  pleasing 
usually  involved  the  use  of  coagulative  fixatives  which  resulted  in  only  the 
nucleus  being  well-preserved  in  the  'acid''  fixation  image  and  only  the 
''chondriome”  and  cytoplasm  being  well-preserved  in  the  "basic"  fixation  image 
The  rest  of  the  material  was  typically  coagulated  or  often  lost  in  solutions. 
Fixatives  that  have  later  proved  to  be  important:  osmium,  glutaraldehyde  and  a 

variety  of  others,  were  rejected  because  the  tissue  proved  too  dense  for 

effective  observation  after  paraffin  microtomy.  In  reality  the  material  was  often 
too  well  preserved  by  these  fixatives,  rendering  material  too  dense  for  easy 
observation.  This  limitation  was  particularly  important  when  the  embryological 
convention  of  sectioning  megagametophytic  material  at  12  to  30  um  was 
followed  Johansen  (1940)  admonished  researchers  who  used  sections  as  thin  as 
5  um  in  studies  on  megagametogenesis  because  it  led  to  problems  in  interpreting 
the  embryo  sac. 
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Adherence  to  the  use  of  the  early  paraffin  technology  was  not  without 
impact.  However,  despite  primitive  techiques,  several  early  ideas  concerning  the 
role  of  the  "synergidae"  included  that  they  may  "receive  the  pollen-tube  and  act 
as  carriers  of  its  influence  to  the  pollen  tube'  (Ward,  1880).  Further  information 

from  paraffin  histology  suggested  the  occurrence  of  at  least  four  alternative 
pathways  for  the  arrival  of  the  pollen  tube  (Maheshwari,  1950)  and  on  the  basis 
of  electron  microscopy,  it  has  been  possible  to  confirm  that  two  of  these 

pathways  occur  in  vivo  in  flowering  plants.  Recent  electron  microscopic  work 
has  revealed  only  a  single  pathway  in  angiosperms  with  normal  egg  apparati. 

The  careful  light  microscopic  works  of  Finn  and  Wylie,  among  others, 
advanced  embryological  knowledge  of  the  male  gametes  role  in  fertilization  during 
the  first  half  of  the  twentieth  century,  but  a  number  of  dogmatic  misconceptions 
have  accumulated  despite  their  work  The  cellular  nature  of  the  sperm  cell  has 
represented  such  a  source  of  controversy  The  apparent  origin  of  this 
conception  was  in  a  paper  published  by  Nawashin  (1909)  soon  after  his 
discovery  of  double  fertilization.  His  claim  that  the  sperm  existed  as  free  nuclei, 

not  as  cells  has  remained  dogma;  his  claim  that  differences  in  the  size  of  the 
two  sperm  nuclei  were  the  basis  for  gametic  recognition  (i.e.,  that  the  individual 
male  gamete  which  will  fuse  with  the  egg  can  be  identified  before  gamete 
fusion)  has  remained  ignored.  Finn,  who  collaborated  on  one  of  Nawashin  s 

papers  on  the  nature  of  the  sperm  (Nawashin  and  Finn,  1913),  later  reexamined 

the  nature  of  the  male  gamete  in  some  of  the  same  taxa  he  had  studied 
previously,  and  concluded  by  contradicting  his  early  findings.  He  reported  (Finn, 

1925,  1935)  that  sperm  are  not  only  formed  as  cells  from  the  inception  of  the 
generative  cell  during  microspore  division,  but  that  the  male  gamete  remains 
cellular  even  after  discharge  of  the  pollen  tube  into  the  embryo  sac.  This  latter 

result  has  been  corroborated  on  numerous  occasions  using  electron  microscopy 

(see  Russell  and  Cass,  1981a  for  a  review). 

Predictably,  the  fate  of  the  inconspicuous  male  cytoplasm  during 
subsequent  fertilization  is  also  controversial.  Possibly  the  earliest  account  on  maie 
cytoplasmic  transmission  was  one  by  Strasburger  (1884)  which  stated  that  male 
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cytoplasm  was  not  involved  in  the  process  of  fertilization.  The  careful  work  of 
Wylie  (1923,  1941)  was  among  the  first  accounts  to  report  the  transmission  of 
sperm  cytoplasm  into  the  egg  and  central  cell.  Although  often  cited,  his 
conclusion  that  male  cytoplasmic  transmission  occurs  has  not  gained  wide 
acceptance  among  embryologists.  Electron  microscopic  studies  have  tended  to 

support  the  contention  that  most  if  not  all  male  cytoplasm  is  shed  prior  to 

gamete  fusion  (Jensen  and  Fisher,  1968a;  Went,  1970;  Wilms,  19§.1),  but  only 
Jensen  and  Fisher  have  provided  convincing  electron  micrographs  to  substantiate 
the  concept  that  male  cytoplasm  is  not  transmitted  into  the  embryo  and 
endosperm  (Jensen  and  Fisher,  1967,  1968a;  Fisher  and  Jensen,  1969). 

Preliminary  work  with  Plumbago  zeylanica  has  provided  evidence  which  would 
support  the  occurrence  of  male  cytoplasmic  transmission  during  gamete  fusion 

(Russell,  1980). 

In  recent  studies,  the  use  of  electron  microscopy  coordinated  with  the 

use  of  analytical  light  microscopy  has  provided  important  information  which  has 

extended  our  knowledge  of  the  behavior  and  function  of  the  physically 

inaccessible  cells  of  the  female  gametophyte.  In  fact,  our  knowledge  concerning 
the  sexual  function  of  the  normal,  female  gametophyte  in  vivo,  which  typically 

occurs  deep  within  the  ovular  tissues,  has  depended  on  the  use  of  such 

techniques.  Data  which  these  anatomical  studies  provide  has  often  been  inferential, 
but  when  the  series  of  detailed  developmental  stages  constituting  our  knowledge 
of  sexual  reproduction  are  viewed  analytically,  considerable  data  is  provided  about 
processes  that  cannot  presently  be  directly  observed.  The  possiblities  of 
extending  one's  knowledge  of  these  processes  depended  on  developing  and 
applying  a  number  of  techniques  to  each  problem,  comparing  similar  sexual  or 

gametophytic  strategies  in  diverse  plants,  and  thoroughly  understanding 
reproduction  in  the  selected  plant. 

The  present  study  concerns  sexual  reproduction  and  fertilization  in  the 

flowering  plant.  Plumbago  zeylanica,  a  plant  which  has  been  extensively  studied 
with  respect  to  embryo  sac  organization  at  the  light  microscopic  level  and 

organization  of  the  egg  at  the  electron  microscopic  level  The  primary 
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contributions  of  the  present  study  to  our  understanding  of  the  reproductive 
biology  of  P.  zeylanica  relate  to  the  cellular  organization  and  behavior  of  the 

male  gametophyte,  arrival  and  entry  of  the  pollen  tube  into  the  embryo  sac.  and 
the  processes  of  gamete  fusion  and  double  fertilization.  In  order  to  reduce 

possibilities  of  misinterpretation  and  the  selection  of  abnormally  functioning 
embryo  sacs,  a  detailed  chronology  of  reproduction  was  constructed  on  the 

basis  of  artificial  pollination  of  plants  under  controlled  conditions.  This  chronology 
permitted  the  repetition  of  various  stages  of  reproduction  for  experimental 
manipulation. 

A.  Studies  in  the  family  Plumbaginaceae 

The  family  Plumbaginaceae  Juss.  to  which  P.  zeylanica  is  allied,  has  been 
the  subject  of  numerous  systematic  and  embryological  studies  over  the  years. 

The  family  is  considered  'advanced"  in  recent  systematic  treatments  of  the 
angiosperms  (Stebbins,  1974;  Takhtajan,  1980)  and  this  conclusion  is  supported 
by  embryological  data.  Members  of  the  family  have  pentamerous  sympetalous 
flowers  with  connate  calices  and  staminate  filaments  adnate  to  the  corolla.  The 
gynoecium  is  organized  into  a  five-lobed  stigma,  fusing  proximaliy  to  form  the 
style,  and  an  uniloculate  ovary  with  a  single  ovule. 

The  mode  of  development  and  orientation  of  the  ovule  is  consistent  within 
the  family,  and  is  unique  except  for  its  occurrence  in  the  Cactaceae.  During  the 

inception  of  the  integuments,  the  ovule  is  directed  upwards,  but  later  unequal 

growth  in  the  funiculus  results  in  a  360°  rotation  in  the  orientation  of  the  ovule; 
it  becomes  oriented  upright  again  only  near  the  end  of  its  development.  This 
type  of  development  is  described  as  being  'circintropous'  (Haupt,  1934)  and 

results  in  the  ovule  being  wrapped  once  around  by  the  long  funiculus  which 
partially  occludes  the  micropyle.  The  late  encroachment  of  transmitting  tissue  into 
the  locule  results  in  the  formation  of  an  obturator  which  presses  transmitting 

tissue  into  the  ovule  near  the  micropyle.  The  gynoecium  tissues  are  organized 
into  a  closed  style  with  a  contiguous  tract  of  specialized  transmitting  tissue 
extending  from  the  stigmatic  lobes  to  the  summit  of  the  ovary. 
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The  female  gametophyte  is  tetrasporic  in  origin,  lacking  in  the  formation 
of  discrete  cellular  megaspores.  The  male  gametophyte  is  usually  trinucleate  at 
anthesis  with  sperm  cells  formed  prior  to  pollination  and  pollen  tube  growth. 

The  floral  and  anatomical  characteristics  mentioned  herein  are  widely 

regarded  as  derived  character  states  within  the  angiosperms.  The  presence  of  a 

dimorphic  floral  incompatibility  system  in  some  taxa  of  the  family  is  a  derived 

genetic  feature.  The  two  subfamilies  of  the  Plumbaginaceae,  namely  the 
Staticoideae  and  the  Plumbaginoideae,  are  distinguished  largely  on  pollen 

morphological  features,  as  well  as  differences  in  vegetative  and  floral 
morphology,  and  are  also  separated  by  differences  in  the  organization  of  the 
female  gametophyte. 

B.  Subfamily  Staticoideae 

The  subfamily  Staticoideae  '  is  by  far  the  better  represented  subfamily, 
containing  over  300  species  in  12  genera.  It  is  separated  embryologically  from 
the  Plumbaginoideae  mainly  by  the  presence  of  dimorphic  pollen  grains  and  the 
presence  of  unreduced  or  only  slightly  reduced  female  gametophytes  with 
conventional  egg  apparati,  consisting  of  two  synergids  and  the  egg.  in  the  male 
gametophyte,  pollen  grains  originating  from  "pin"  plants,  where  the  style  is 

exerted  further  than  the  anthers,  tend  to  have  an  exine  surface  which  is 

somewhat  rugose,  whereas  those  originating  from  "thrum1  plants,  which  have 
flowers  where  the  anthers  are  exerted  farther  than  the  stigmas,  tend  to  have  a 

smoother  exine  surface.  The  differing  morphologies  of  stigmatic  cells  in  pin  and 
thrum  plants  appear  to  result  in  preferential  adherence  of  compatible  pollen 
grains  on  their  respective  stigmas  (Dulberger,  1975).  The  occurrence  of  pin  and 
thrum  plants  in  the  Plumbaginaceae  is  believed  to  represent  a  morphological 
adaptation  to  conserve  pollen  in  a  genetically-based  self-incompatibility  system 
(Baker,  1948). 

Embryo  sac  ontogeny  in  the  Staticoideae,  despite  much  study  (Table  1),  is 
still  controversial.  Members  of  this  subfamily  often  may  have  a  minor  reduction 

of  the  embryo  sac,  particularly  "strike",  or  non-division,  of  the  antipodal  nuclei 
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The  remaining  80%  were  apomictlc,  belonging  to  the  Ixeris  denfata-type  of  development. 
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during  late  megagametogenesis.  In  all,  four  different  types  of  embryo  sac 
ontogeny  have  been  reported  in  the  Staticoideae,  and  up  to  two  different  types 
have  been  reported  in  the  same  taxon  (Table  1). 

C.  Subfamily  Plumbaginoideae 

The  subfamily  Plumbaginoideae  is  a  cosmopolitan  family  of  warm,  dry 
regions  and  contains  at  least  24  species  in  four  genera.  It  is  separated  from  the 
Staticoideae  by  the  presence  of  monomorphic  pollen  grains  and  highly  reduced 
female  gametophytes.  Pollen  grains  of  taxa  in  the  Plumbaginoideae  are  believed  to 
be  monomorphic  in  structure,  regardless  of  floral  morphology,  but  in 

Dyerophytum  indicum  differences  are  visible  at  the  electron  microscope  level 
(Erdtmann.  1970)  and  may  be  present  in  other  taxa  of  the  Plumbaginoideae  as 
well.  The  presence  of  pin  and  thrum  flowers  has  been  reported  in  three  of  the 

four  genera  of  the  Plumbaginoideae:  Plumbago  L.,  Ceratosti  gma  Bunge,  and 
Dyerophytum  Kuntze  (=1 logelia  Lam.). 

The  embryo  sac  is  constituted  by  two  different  developmental  patterns  in 
the  Plumbaginoideae  (Table  2)  which  differ  slightly  in  their  ontogeny,  but 
presumably  function  identically  during  fertilization.  In  Ceratosti  gma,  Dyerophytum, 
and  Plumbago,  the  meiocyte  nucleus  divides  into  four  megaspore  nuclei  which 
become  aligned  in  a  cruciate  fashion  and  divide  to  form  eight  nuclei  and  five 
cells.  Four  polar  nuclei  occupy  the  center  of  the  embryo  sac.  The  remaining 

nuclei  become  incorporated  into  cells  which  retain  a  cruciate  distribution  within 
the  embryo  sac.  The  cell  located  at  the  micropyle  becomes  the  egg;  the 

remaining  cells  constitute  the  so-called  lateral  and  antipodal  cells  (Haupt,  1934; 
Dahlgren,  1937).  The  four  nuclei  in  the  central  cell  fuse  prior  to  embryo  sac 
maturity  to  form  a  4N  "secondary  nucleus." 

Plumbagel / a  Spach.,  a  monotypic  genus,  differs  slightly  with  respect  to 
embryo  sac  ontogeny.  After  the  four  cruciate  megaspore  nuclei  are  formed, 
three  of  the  nuclei  fuse  The  single  IN  and  3N  nuclei  divide  once  again  with 
subsequent  cytokinesis  resulting  in  the  formation  of  an  egg  with  a  IN  nucleus  at 
the  micropylar  end  of  the  ovule  and  a  single  antipodal  cell  with  a  3N  nucleus  at 
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the  opposite  end  of  the  ovule;  the  two  remaining  free  nuclei  fuse  to  form  a  4N 
central  cell  nucleus  prior  to  embryo  sac  maturity  (Dahlgren,  1916;  Fagerlind, 
1938a;  Boyes,  1939b).  •  - 


II.  Materials  and  Methods 


Plants  of  Plumbago  zey/anica  L  have  been  maintained  under  long-day 
conditions  in  University  of  Alberta  greenhouses  since  1972  and  are  the  same 
plants  and  clones  of  those  used  by  Cass  and  Karas  (1974).  Unlike  many  other 
members  of  the  Plumbaginoideae  (Baker,  1948),  P.  zey/anica  lacks  a 
self-incompatibility  response  and  produces  seed  a  large  proportion  of  the  time 
(over  97%  seed  set).  Under  these  conditions,  the  plants  have  thrived  and 
produced  large  numbers  of  flowers  throughout  the  year. 

A.  Chemical  fixation 

Chemically  prepared  tissue  was  routinely  fixed  6-12  hr  in  3% 
glutaraldehyde-M/ 1 5  phosphate  buffer  (pH  6.8)  at  4°C,  rinsed  briefly  in  buffer, 
and  postfixed  in  cold  2%  buffered  osmium  tetroxide.  Material  was  then 
dehydrated  in  a  graded  ethanol  series  followed,  by  propylene  oxide  and 
embedded  in  low  viscosity  resin  (Spurr,  1969). 

In  order  to  compare  the  effect  of  different  chemical  fixatives  on  sperm 
cell  wall  preservation,  the  following  procedures  were  employed,  in  addition,  on 
pollen  grains  collected  at  anthesis:  i)  1-1/2  hr  fixation  in  3%  glutaraldehyde  with 
diaminobenzidine  (2  mg/5  ml  buffer)  in  0.05  M  propandiol  buffer  (pH  9.0) 
(Frederick  and  Newcomb,  1969),  rinsed  briefly  in  buffer,  and  fixed  in  osmium 
tetroxide  as  described  above;  ii)  3  hr  fixation  in  3%  glutaraldehyde-3% 
paraformaldehyde  (Karnovsky,  1965)  in  phosphate  buffer  (pH  6.8),  rinsed,  and 
fixed  in  osmium  tetroxide  as  described  above,  iii)  2  hr  fixation  in  unbuffered 
potassium  permanganate  All  materials  were  then  dehydrated  and  embedded 
according  to  procedures  outlined  above.  Among  the  chemical  fixatives  used, 
sperms  fixed  in  standard  glutaraldehyde  and  osmium  appeared  the  least  altered  by 
preparation.  Except  as  noted,  all  chemically  fixed  material  illustrated  in  this  study 
was  prepared  according  to  the  first  procedure. 
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B.  Physical  fixation 

Material  for  physical  fixation  was  immersed  in  an  isopentane- 1 2% 
methylcyclohexane  solution  cooled  in  a  bath  of  liquid  nitrogen,  transferred  to 
methanol  at  dry  ice  temperatures,  and  dehydrated  in  several  changes  of  absolute 
methanol  at  -50°C  (Jensen,  1962).  After  several  days,  the  material  was  slowly 
warmed,  transferred  to  propylene  oxide  at  room  temperature,  and  embedded  in 
low  viscosity  resin. 

C.  Specimen  preparation 

Ultrathin  sections  were  routinely  cut  using  a  Reichert  OM  U2 
ultramicrotome  and  collected  on  uncoated  nickel  or  gold  grids.  Selected  stages  in 
pollen  tube  growth  and  gamete  deposition  were  first  thick-sectioned, 
photographed  using  Nomarski  interference  optics,  and  then  reembedded  for 
ultrathin  sectioning  according  to  the  technique  described  by  Mogensen  (1971). 
Sections  were  stained  using  2%  uranyl  acetate  in  45%  ethanol  followed  by  0.2% 
lead  citrate  (Venable  and  Coggeshall,  1965),  or  by  subjecting  material  mounted  on 
gold  grids  to  the  periodic  acid-thiocarbohydrazide-silver  proteinate  (PA-TCH-SP) 
reaction  (Thiery,  1967),  with  30  min  oxidation  in  1%  periodic  acid,  6  h  in  0.2% 
thiocarbohydrazide  in  20%  acetic  acid,  and  30  min  in  1%  silver  proteinate 
solution. 

Sections  for  light  microscopic  examination  were  sectioned  at  0.5  to  2.5 
um  using  glass  knives,  dried  on  autoradiography  slides  (Jensen,  1962)  and 
mounted  in  glycerine  with  2%  phenol.  Selected  sections  were  stained  using  the 
Periodic  acid-Schiffs  reaction  (PAS)  for  insoluble  carbohydrates  (Jensen,  1962), 
aniline  blue-black  (ABB)  for  proteins  (Fisher,  1968),  and  the  Feulgen  reaction  for 
nucleic  acids  (Jensen,  1962).  Sections  were  observed  with  a  Zeiss 
Photomicroscope  I  using  brightfield,  phase  contrast,  and  Nomarski  interference 
contrast  microscopy. 
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D.  Observation  of  isolated,  living  sperm  cells 

Isolated,  living  sperm  cells  were  examined  by  releasing  the  contents  of 

mature  pollen  grains  in  a  pollen  tube  growth  medium  and  observing  them  in 

Nomarski  interference  optics.  The  sucrose  content  of  the  medium  was  adjusted 

so  that  sperm  cell  volume  remained  constant  throughout  the  30  min  observation 
period  (Cass,  1973).  Sperm  cells  which  displayed  cytoplasmic  activity  were 
photographed  with  a  Zeiss  Photomicroscope  I  at  2  to  5  min  intervals  during  the 
observation  period 

E.  Serial  reconstruction  and  quantitative  cytology  of  sperm  cells 

Serial  ultrathin  sections  of  chemically-fixed  pollen  grains  were  collected 

using  naked  slot  grids,  transferred  on  the  surface  of  a  drop  of  water,  and 
mounted  on  Formvar-coated  slot  grids  (Galey  and  Nilsson,  1966).  Serial  sections 
containing  sperm  cells  were  numbered  consecutively,  photographed  in  the  electron 
microscope,  and  printed  at  the  same  magnification.  Each  specimen  block  sectioned 
contained  at  least  10  pollen  grains;  the  specimen  block  used  for  the  majority  of 
the  organelle  counts  contained  over  fifty  pollen  grains  which  were  sectioned 
simultaneously.  The  quantitative  content  of  organelles  was  determined  by  counting 

only  the  single  median  section  of  each  organelle.  When  a  single  section  or 

maximum  of  two  sections  were  unavailable,  surrounding  sections  were  scanned  in 
order  to  determine  whether  any  median  sections  of  organelles  were  lost;  series 
in  which  three  or  more  consecutive  sections  were  not  available  were  not  used. 
Mitochondria  were  the  smallest  organelles,  measuring  typically  0.25  to  0.30  um. 
The  average  section  thickness  (0.06  to  0.10  um)  provided  that  each  organelle 
was  represented  in  at  least  three  sections. 

In  order  to  determine  the  length  of  the  sperm  projection,  a 
two-dimensional  line  was  plotted  over  the  center  of  the  sperm  projection  using 
a  plastic  overlay.  At  bends  in  the  line,  points'  were  plotted  and  the  section 

number  containing  the  center  of  the  sperm  projection  at  that  point  was 
recorded.  Average  section  thickness  was  determined  by  measuring  the  diameter 

of  the  sperm  nucleolus  (assumed  to  be  spherical)  and  dividing  by  the  number  of 
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sections  in  which  the  nucleolus  penetrated  the  section  The  distance  and  height 
between  two  adjacent  points  on  the  line  was  converted  into  micrometers  and 
recorded.  The  total-  length  of  the  sperm  projection  was  then  calculated  as  the 
sum  of  the  distances  between  adjacent  points  using  the  Pythagorean  theorem 

F.  Statistical  treatment  of  mitochondrial  dimensions 

Mitochondrial  dimensions  as  observed  on  printed  electron  micrographs  with 
a  minimum  final  magnification  of  X  5800  were  measured  using  a  caiiper 
measuring  device  accurate  to  0.05  mm.  The  greatest  mitochondrial  width,  as 
measured  in  near-median  sections  of  mitochondria,  was  selected  as  the  most 
reliably  measured  dimensional  parameter  since  it  was  less  likely  to  be  influenced 
by  organelle  orientation  and  was  easily  reproducible  Only  mitochondria  whose 
membranes  were  clearly  seen  in  cross  section  were  measured,  since  these 
represent  organelles  which  are  in  near-median  section.  At  least  five  cells  were 
used  for  each  population  of  mitochondria;  no  mitochondrion  was  measured  more 
than  once  Mitochondria  were  measured  in  six  cells  of  origin;  within  sperm  cells 
within  inactive  pollen  grains  and  growing  tubes  near  the  ovule,  in  the  pollen  grain 
and  growing  pollen  tube,  in  the  egg  and  in  the  central  cell.  Two  additional 
classes  were  constructed  for  mitochondria  of  unknown  origin,  including 
mitochondria  located  within  0.5  um  of  the  sperm  nucleus  soon  after  gamete 
fusion  and  in  cytoplasmic  bodies  located  between  the  egg  and  central  cell  after 
gamete  fusion.  Descriptive  statistics,  an  analysis  of  variance,  and  Students  t 
comparison  of  the  means  and  populational  variances  were  conducted  between  all 
of  the  populations  measured. 
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III.  Sperm  Ultrastructure:  General  Cytology  and  Association  with  Vegetative 

Nucleus1 


A.  Introduction 

In  flowering  plants,  small  nonmotile  male  gametes  fulfill  the  essential  and 
highly  specialized  roles  of  fertilization  and  endosperm  initiation  Apparently  passive 
cells,  the  sperms  are  structurally  simple;  yet  their  nuclear  content  determines  half 
of  the  hereditary  makeup  of  the  embryo  and  their  cytoplasmic  content  often 
plays  a  significant  part  in  cytoplasmic  inheritance  in  the  embryo.  Determination  of 
patterns  of  cytoplasmic  inheritance  are  clearly  influenced  by  sorting  patterns  and 
competition  between  organelles  during  generative  cell  formation  (Hagemann,  1976) 
and  maturation  (Clauhs  and  Grun,  1977),  yet  few  reports  specifically  concern  the 
descendent  sperm  cells  which  actually  participate  in  double  fertilization.  As 
knowledge  of  male  cytoplasmic  inheritance  in  angiosperms  expands,  it  has 
become  evident  that  a  greater  understanding  of  sperm  cytology  is  necessary  on 
both  genetic  and  embryological  grounds. 

The  earliest  and  most  striking  evidence  for  the  occurrence  of  male 

cytoplasmic  inheritance  in  angiosperms  were  independent  reports  in  1909  that 
plastids,  in  particular,  may  follow  non-Mendelian  patterns  of  inheritance  in 

Mirabilis  and  Pelargonium.  In  the  former  plant,  Correns  (1909)  reported 
exclusively  maternal  patterns  of  plastid  inheritance;  in  the  latter,  Baur  (1909' 
reported  biparental  patterns  of  plastid  inheritance  resulting  in  variegated  patterns 

during  leaf  development  (see  reviews  by  Grun,  1976;  Gillham,  1978).  The 

complementary  information  provided  by  the  work  of  Correns  and  Baur  established 
the  basis  for  extensive  research  using  plastid  mutants  to  follow  lines  of  male 

inheritance  (Hagemann,  1976).  Although  no  genetic  evidence  exists  for  any  zygotic 
"restriction  mechanism"  in  angiosperms  which  would  systematically  eliminate  a 
given  class  of  male  (or  female)  cytoplasmic  organelles  (Hagemann,  1976),  to  the 

iThis  chapter  originally  appeared  in  Protoplasma  entitled  Ultrastructure  of  the 

Sperms  of  Plumbago  zey/anica  1.  Cytology  and  Association  with  the  Vegetative 

Nucleus/'  el 981  by  Springer-Verlag,  Vienna.  This  chapter  is  reproduced  herein  by 
permission  of  Springer-Verlag  and  may  not  be  reproduced  elsewhere  without 
their  permission. 
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best  of  my  knowledge  this  has  been  directly  examined  only  in  the  case  of 
plastid  inheritance  in  Oenothera  erythrosepa/a  (Meyer  and  Stubbe,  1974).  Direct 
observations  of  sperm  organelle  structure  in  pollen  grains  and  during  tube  growth 
may  provide  information  on  whether  specific  organelles  or  classes  of  organelles 
undergo  alterations  in  ultrastructure  which  could  affect  their  viability.  It  is 
expected  that  knowledge  of  the  types  and  relative  proportion  of  organelles 
within  sperms  of  Plumbago  zeyianica  may  aid  in  predicting  their  transmissibility 
into  the  zygote  and  the  possibility  of  their  inheritance  in  the  next  generation. 

Certain  embryological  adaptations  which  may  facilitate  the  passage  of 
sperms  within  the  pollen  tube  and  their  subsequent  transmission  into  the  embryo 
and  endosperm  have  remained  virtually  unstudied,  as  have  the  specific  structural 
changes  required  for  gametic  transmission.  The  prevalent  assumption  that  sperms 
within  pollen  tubes  travel  independently  of  the  sperms  and  vegetative  nucleus 
(Maheshwari,  1949)  does  not  appear  to  apply  in  P.  zeyianica.  In  this  plant,  the 
association  of  the  sperms  and  vegetative  nucleus  may  represent  an  adaptation  to 
promote  the  passage  of  the  sperms  from  the  stigma  to  the  embryo  sac.  One 
published  work  has  reported  detailed  observations  of  sperm  ultrastructure  during 
pollen  tube  passage  (Jensen  and  Fisher,  1968b).  The  specific  structural  changes, 
if  any,  required  for  sperms  to  fuse  with  the  egg  and  central  cell  have  been 
postulated,  but  are  yet  to  be  described  from  direct  ultrastructural  observation. 
Additional  embryological  issues  which  may  influence  the  transmission  of  male 
cytoplasm,  including  differences  between  paired  sperm  cells  and  the  possible 
non-transmission  of  some  sperm  cytoplasm,  are  the  subjects  of  continuing 
research.  Contrary  to  published  literature  (Maheshwari,  1949;  Jensen  and  Fisher, 
1968b;  Cass,  1973),  the  two  sperms  of  Plumbago  appear  to  differ  in  cell 
volume;  however,  the  biological  significance  of  this  observation  remains  unknown. 

The  present  study  describes  sperm  cytology  and  structural  relationships  in 
pollen  grains  and  tubes  of  P.  zeyianica  using  light  and  electron  microscopy  of 
chemically  and  physically  fixed  tissues,  and  Nomarski  interference  microscopy  of 
isolated,  living  sperm  cells.  The  genus  PI umbago  was  originally  selected  for  study 
because  of  the  structural  simplicity  of  its  embryo  sac,  reported  previously  in 
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Cass  and  Karas  (1974)  and  Russell  and  Cass  (1981b).  The  embryo  sac  of  this 
plant  functions  without  synergids  and  instead  the  pollen  tube  releases  male 
gametes  directly  between  the  egg  and  central  cells  (Russell  1980).  For  this 
reason,  P / umbdgo  is  particularly  suitable  for  studying  the  structural  basis  of  male 

cytopiasmic  inheritance  in  angiosperms  and  determining  the  fate  of  the  male 

cytoplasm  during  the  process  of  double  fertilization.  The  present  study  represents 
the  first  part  undertaken  in  such  an  investigation. 

B.  Observations 

Ultrastructure  within  the  mature  pollen  grain 

Sperm  cell  organization 

Mature  pollen  grains  of  P.  zeylanica  each  contain  two  roughly 

spindle-shaped  male  gametes  which  are  delimited  by  the  sperm  plasma 

membrane,  a  rudimentary  cell  wall,  and  enclosed  together  within  an  internal 
pollen  plasma  membrane.  These  sperms  are  derived  from  the  same  generative 
cell  and  share  a  common  transverse  cell  wall,  but  differ  significantly  with 
respect  to  their  morphology.  The  male  gamete  immediately  adjacent  to  the 
vegetative  nucleus  has  a  long,  slender  (usually  <1  um  wide)  projection  which 
wraps  around  the  periphery  and  occupies  embayments  of  the  vegetative  nucleus; 
the  other  male  gamete  has  a  short  free  end  projecting  into  vegetative 
cytoplasm.  In  one  sperm  cell,  reconstructed  from  serial  ultrathin  sections,  this 
projection  reached  a  length  of  30  um  (Fig.  1  1),  while  the  other  sperm  cell  (not 
shown)  was  only  8  um  long. 

Both  sperm  cells  contain  a  normal  complement  of  organelles,  the  majority 
of  which  are  clustered  near  the  nucleus  in  the  widest  part  of  the  cell  (Fig  1, 
4,  5,  12).  The  sperm  cells  observed  contain  numerous  mitochondria,  plastids, 

endoplasmic  reticulum  (ER),  dictyosomes,  vesicles,  and  small  vacuoles.  Nuclei  are 
elongate  (about  3  by  6  um)  with  numerous  pores  in  the  nuclear  envelope  (Fig 
5).  A  nucleolus  is  typically  present  in  the  nucleus  and  although  small  (approx.  1 
um),  it  is  readily  identifiable  in  light  microscopic  preparations  (Fig  15,  18). 
Nuclear  chromatin  is  only  slightly  condensed  (Fig  12). 
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Figs.  1-2:  Electron  micrographs  of  chemically  fixed  mature  pollen  grains. 


Fig.  1:  Electron  micrograph  of  two  chemically-fixed  sperm  cells  in  longisection 
Lobes  of  the  vegetative  nucleus  (I /N)  ensheath  part  of  the  sperm  cell  (S) 
at  a  number  of  locations  (black  arrowheads).  Endoplasmic  reticulum  is 
found  near  the  outer  surface  of  the  sperm  (white  arrowheads).  X  14,600. 


Fig.  2:  Electron  micrograph  of  junction  between  two  chemically-fixed  sperm  cells 
formed  by  the  presence  of  a  common  vesiculate  cell  wall  (cw)  and 
plasmodesmata  (arrowheads)  Mitochondrion  (m)  is  located  in  pollen 
cytoplasm.  X  53,100 
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Sperm  mitochondria  are  usually  smaller  than  those  in  vegetative  cytoplasm 
and  are  spheroidal  to  ellipsoidal  in  shape,  possessing  narrow  but  well-developed 
cristae  'Fig.  5)  Piastids  (Fig  3,  4)  are  larger  than  mitochondria,  and  their  stromata 
are  electron  dense  in  uranium  and  lead  stained  material.  Piastids  contain  a  number 
of  rudimentary  lamellae,  internal  vesicles,  ribosomes,  and  occasionally, 

paracrystalline  structures  in  their  stromata  (Fig.  4  and  inset).  Paracrystalline 
structures  like  these  have  been  found  within  immature  and  senescent  piastids  in 
somatic  tissues  and  are  believed  to  be  composed  of  accumulated  enzymes  or 
ferritin  (Toyama,  1980).  Mitochondria  and  piastids  are  often  found  in  clusters 

composed  almost  exclusively  of  either  mitochondria  (Fig.  5)  or  piastids  (Fig.  4), 
and  the  two  are  rarely  seen  together  in  a  given  thin  section  of  sperm  cell.  (An 

exception  can  be  seen  in  Fig.  3.)  An  as  yet  unidentified  class  of 

single-membrane  bound  organelles  was  occasionally  seen  in  association  with 
piastids  (Fig.  3,  4;  unlabeled  arrows).  These  bodies  could  represent  either 
electron-dense  vesicles  or  microbodies.  Microbodies,  although  rare  in  angiosperm 
gametophytes,  have  been  reported  in  the  female  gametophyte  of  P.  zeylanica 
(Cass  and  Karas,  1974). 

Sperm  cell  dictyosomes  are  abundant,  well-developed,  and  possess 
numerous  cisternae,  with  clear  vesicles  present  near  the  maturing  face  of  the 
dictyosome.  Occasionally,  an  apparently  anastomosing  network  of  tubular  ER  is 
seen  near  dictyosomes  (Fig.  5).  Lamellar  cisternae  of  ER  occur  as  isolated 
segments  at  the  periphery  of  the  cell  but  are  rarely  well  developed  (Fig.  5,  11). 
In  freeze-substituted  material  (Fig.  8-10),  dictyosomes,  some  vesicles,  ER,  and  the 
sperm  cell  wall  are  all  stained  by  the  PA-TCH-SP  reaction. 

A  rudimentary  cell  wall  appears  to  surround  the  sperms  in  chemically  (Fig 
2)  and  physically  fixed  pollen  grains  (Fig  6,  7;  unlabelled  arrows).  In  chemically 
fixed  tissues,  the  cell  wall  varies  from  0. 1  to  0.2  um  in  thickness  and  contains 
numerous  vesicles.  Polysaccharides  were  poorly  stained  by  the  PA-TCH-SP 
reaction  in  chemically  fixed  tissues  (Fig  3;  compare  with  Fig  2,  prepared  without 
PA).  In  contrast,  freeze-substituted  sperms  have  narrower  cell  walls,  0.05  to  0  1 
um  wide,  with  vesicles  restricted  to  the  segment  of  wall  shared  by  the  two 
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Figs.  3-5:  Electron  micrographs  of  chemically  fixed  mature  pollen  grains. 


Fig.  3:  Electron  micrograph  of  a  chemically-fixed  sperm  cell.  Transection  of  a 
sperm  cell  containing  mitochondria  (m),  plastids  (p),  and  an  unidentified 
single  membrane-bound  organelle  (arrows).  X  20,500. 


Fig.  4:  Electron  micrograph  of  sperm  plastids  in  the  pollen  grain.  An  aggregation 
of  sperm  plastids  ( p )  some  containing  paracrystalline  structures 
(arrowheads).  Unidentified  single  membrane-bound  organelles  (arrows)  are 
associated  w'ith  plastids.  N=nucleus.  (Fixed  with 

glutaraldehyde-diaminobenzidine  and  osmium  tetroxide.) 

X  13,800  inset=  X  77,500. 


Fig.  5:  Electron  micrograph  of  chemically-fixed  sperm  cell  in  longisection 

containing  a  nucleus  (/V)  with  numerous  nuclear  pores  (small  arrows), 
mitochondria  (m),  dictyosomes  ( d ),  and  tubular  endoplasmic  reticulum  (ter),  er 
=  endoplasmic  reticulum  (vegetative  cell);  l /N  =  vegetative  nucleus.  X 
28,100. 
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sperms  Physica'ly-hxed  cei:  walls  stain  intensely  after  the  PA-TCH-SP  reaction 
'i-ig.  6—  :  0  Comparing  the  speed  of  fixation,  the  uniformity  of  wall  thickness, 
and  the  density  of  PA-TCH-SP  staining  after  freeze-substitution,  it  appears  that 
physically  nxed  sperm  cei  walls  are  less  altered  by  preparation  than  those  fixed 
by  chemical  means 

Microtubules  were  not  observed  in  sperm  cells  during  the  course  of  this 
study  although  laenuca:  techniques  reveal  numerous  microtubules  in  generative 
cells  Oi  P.  zeylamca  (Chapter  .  At  anthesis  and  throughout  pollen  tube  growth 
microtubules  a^e  rare  C'  possibly7  absent  Probable  microfilaments  were  seen  in 
P.  zeytanica  (Fig.  24,  unlabeied  arrow),  but  difficulties  in  preserving 

microfilaments  may  exist  since  they  were  observed  infrequently. 

Vegetative  cell  organization 

The  vegetative  cell  contains  a  large  polymorphic  nucleus  many 
mitochondria,  pastids.  occasiona'  starch  grains  ER.  ribosomes  and  numerous 
dictyosomes  and  polysaccharide  vesicles  The  nucleus,  up  to  13  um  iong  is  a 
highly  lobed.  irregula-  structure  with  deep  embayments  (Fig  1.  6  11  12'  and 
numerojs  nuclear  pores  (Fig  1.  5)  Within  embayments  of  the  nuciear  envelope 
and  immediately  surrounding  the  nucleus  rough  endoplasmic  reticulum  often 
forms  intricate  membrane  arrays  ‘Fig  11,  12‘  Elsewhere  lamellar  ER  is  often 
found  adjacent  to  sperm  cells  becoming  especially  pronounced  on  the  surface 

opposite  to  the  vegetative  nucleus  (Fig  1.  5  11,  12  In  freeze-substituted 

D-ecarations  the  perinuclear  cytoplasm  contains  few  vesicles  or  other  organelles 
and  sometimes  appears  to  surround  cellular  projections  of  the  sperm  (Fig  6.  7) 
The  vegetative  pollen  cytopiasm  contains  numerous,  sma!  vesicles  with 
PA-TCH-SP  stained  polysaccharides  (Fig  8.  9  10).  These  vesicles  can  be 

dividea  into  two  classes  on  tne  basis  of  size  and  staining  characteristics  and 
can  be  identified  in  both  chemically  and  physically  fixed  tissues  Following 
periodic  acid  oxidation  the  smallest  vesicles.  0  05  to  0  1  um  in  size,  stained 

oensely  with  the  PA-TCH-SP  reaction  (Fig  8  9  compare  Fig  10  without  PA 

oxidation'  The  remaining  vesicles  from  0.3  to  0  6  um  in  med  an  section  rave 
an  electron-dense  PA-TCH-SP  reactive  perimeter  and  less  densely  stained 
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Figs.  6-10.  Frozen-substituted  pollen  grains  stained  with  uranium  and  lead  (Fig. 
6,  7)  and  by  PA-TCH-SP  reaction  (Fig.  8,  9,  10). 


Fig.  6: 


Fig.  7: 


Fig.  8: 


Fig.  9: 


Fig.  10: 


Electron  micrograph  of  physically-fixed  pollen  grain.  Near~median  section 
of  vegetative  'nucleus  (VN)  showing  a  sperm  cell  (5)  inserted  within 
uniformly  gray  perinuclear  cytoplasm.  Two  aggregations  of  rough 
endoplasmic  reticulum  (er)  are  present  near  sperm  projection  (labeled 
arrowhead).  Region  enclosed  in  box  is  shown  in  Fig.  7.  X  9,200. 


Electron  micrograph  of  physically-fixed  sperm  cell  and  vegetative  nucleus. 
Sperm  cell  (S).  cell  wall  (small  arrows)  and  vegetative  nucleus  (VN)  are 
visible  Unlabeled  arrowheads  indicate  nuclear  envelope.  X  43,900. 


Electron  micrograph  of  junction  between  physically-fixed  sperm  cells, 
stained  for  polysaccharides.  Junction  between  two  sperm  cells  (S)  with  an 
extensive  segment  of  shared  cell  wall  (arrows),  d  =  dictyosome;  pv  = 
polysaccharide  vesicle  X  17.100. 


Electron  micrograph  of  physically-fixed  pollen  grain,  stained  for 
polysaccharides  Sperm  cells  (S)  delimited  by  PA-TCH-SP  reactive  cell  walls 
(small  arrowheads).  Possible  plasmodesma  at  the  sperm  cell  junction  is 
indicated  by  an  arrow,  ter  =  tubular  endoplasmic  reticulum;  v  =  vesicle.  X 
38,200 


Electron  micrograph  of  physically-fixed  pollen  grain,  stained  without 
periodic  acid  oxidation.  Sperm  (S)  and  cell  wall  (arrows)  after  PA-TCH-SP 
reaction  with  periodic  acid  oxidation.  (This  figure  was  printed  with  the 
same  contrast  photographic  paper  as  in  Figs.  8'  and  9,  but  exposed  three 
times  longer.)  pv  -  polysaccharide  vesicle.  X  43,600. 
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contents  (Fig.  8,  10).  In  freeze-substituted  preparations  of  vegetative  cytoplasm. 
PA-TCH-SP  reaction  products  were  also  detected  in  dictyosomes,  starch  grains, 
and  the  pollen  intine. 

Structural  interrelationships  of  sperms  and  vegetative  nucleus 
Associations  within  mature  pollen  grains 

In  mature  pollen  grains  of  P.  zeylanica,  the  two  sperm  cells  are  directly 
linked;  they  share  a  transverse  cell  wall  with  plasmodesmata  and  are  enclosed 
together  by  the  inner  vegetative  cell  plasma  membrane  (Fig.  2.  8,  9).  One  of 
these  two  sperms  is  also  associated  with  the  vegetative  nucleus  as  a  consistent 
feature  of  pollen  grain  organization  (Fig.  1,  5,  6.  11,  12).  The  basis  of  this 
association  appears  to  be  a  long,  narrow  projection  of  the  sperm  cell  (averaging 
<1  um  wide  and  about  30  um  long;  Fig.  11)  which  wraps  around  the  periphery 
of  the  vegetative  nucleus  and  occupies  embayments  of  that  nucleus.  Analysis  of 


Fig.  11:  Schematic  representation  of  the  association  between  one  sperm  and  the 
vegetative  nucleus  in  a  pollen  gram  as  traced  from  an  electron 
micrograph.  A  reconstruction  of  this  sperm  prepared  using  seria 

sections  revealed  that  this  sperm’s  projection  (labeleo  arrowheads)  was 
about  30  um  long,  extending  from  the  arrow  wrapping  clockwise 
around  the  periphery  of  the  vegetative  nucleus,  and  terminating  near  the 
asterisk  Note  aggregations  of  ER  (represented  by  thin  lines). 

Embayments  and  ensheathing  lobes  (labeled  arrowheads)  of  the 
vegetative  nucleus  are  evident  S  =  sperm  cell.  SN  -  sperm  nucleus. 
WV  =  vegetative  nucleus.  X  10,400. 
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serial  ultrathin  sections  also  reveals  that  nearly  70%  of  the  sperm  projection  and 
10%  or  more  of  the  main  cell  body  may  be  ensheathed  by  lobes  of  the 
vegetative  nucleus.  While  sperms  never  directly  contact  the  vegetative  nucleus, 
sometimes  sperm  projections  are  separated  from  the  nuclear  envelope  by  as 
little  as  0.1  um;  projections  are  typically  embedded  in  a  morphologically  distinct 
perinuclear  cytoplasm  (Fig.  1,  6,  7,  11,  12).  Although  I  looked  specifically  for 

cellular  structures  which  might  directly  link  one  sperm  or  its  surrounding 
membranes  with  the  vegetative  nucleus,  I  was  unable  to  find  any. 

Associations  of  sperms  and  vegetative  nucleus  within  isolated  pollen  grain 
contents 

Reconstructing  the  sperm-vegetative  nucleus  association  in  the  living  state 
is  simplified  by  releasing  pollen  grain  contents  into  a  medium  designed  for 
pollen  tube  growth  and  briefly  observing  them  with  Nomarski  interference  optics. 
Newly  isolated  sperm  cells  appear  roughly  spindle-shaped  and  are  closely 
associated  with  the  vegetative  nucleus  and  with  one  another  (Fig.  13,  16).  While 
both  sperms  are  similar  in  shape,  the  one  adjacent  to  the  vegetative  nucleus  has 
a  longer  projection  and  greater  cellular  volume  than  the  other  sperm.  Part  of 
this  sperm  appears  to  extend  just  within  the  edge  of  the  vegetative  nucleus 
membrane,  presumably  in  embayments  of  the  nuclear  envelope  (Fig.  14,  16). 

Observation  of  living  sperm  cells  in  isolation  also  provides  information  on 
the  regulation  of  sperm  cell  shape  and  the  possibility  of  independent  cell 
movement.  Sperms  remaining  surrounded  by  their  native  pollen  cytoplasm  do  not 
change  greatly  in  cell  shape  or  structural  association  over  the  observation 
interval  (Fig.  16,  17).  However,  sperms  which  were  separated  from  surrounding 
pollen  cytoplasm  appeared  to  undergo  rapid  degenerative  changes  in  both  cell 
shape  and  structural  association  within  10  minutes  (Fig.  13-15).  Cytoplasmic 
activity  was  observed  in  sperm  cells  throughout  the  observation  period,  but  in 
none  of  the  sperms  observed  were  conformational  changes  reversed.  Sperms 
did  not  appear  to  display  directional  movement  or  any  shape  changes  that 
appeared  related  to  possible  motility. 
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Fig.  12:  Electron  micrograph  of  the  structural  association  of  sperm  cell  and 

vegetative  nucleus  in  a  mature  pollen  grain.  Complementary  surfaces 

formed  by  a  projection  of  the  sperm  cell  (S:  black  arrows)  and 
ensheathing  lobes  of  vegetative  nucleus  (VN;  white  arrows)  are  evident. 

The  other  sperm  cell  is  visible  in  the  upper  right  corner,  immediately 

adjacent  (arrowheads)  to  the  first  sperm  cell.  X  13,000. 


Figs.  13-15.  Sperm  cells  (S)  and  vegetative  nucleus  (VN)  immediately  after  isolation 
in  a  pollen  tube  growth  medium.  Photographed  with  Nomarski  differential 
interference  optics  at  5  minute  intervals  Unlabeled  arrowheads  indicate  a 
sperm  cell  projection  in  Fig  14  and  the  internal  pollen  plasma  membrane 
in  Fig.  15  X  1,200. 


Figs.  16  and  17.  Same  as  Figs.  13-15,  except  isolated  in  pollen  cytoplasm  and 
photographed  over  a  20  minute  interval.  Arrowheads  indicate  a  sperm  cell 
projection  in  Fig.  16  and  sperm-to-sperm  junction  in  Fig.  17.  X  1,880. 
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Associations  of  sperm  and  vegetative  nucleus  within  the  pollen  tube 

The  nature  of  the  sperm-vegetative  nucleus  association  appears  unchanged 
throughout  pollen  tube  growth,  but  the  distance  between  these  two  structures  is 
greatly  altered  during  rapid  tube  elongation  Early  pollen  tube  growth  is  rapid  (up 
to  5  mm/hr  or  more,  in  vivo )  and  pollen  tube  diameter  is  relatively  narrow 
(usually  <10  um  wide).  During  this  phase,  the  main  body  of  the  vegetative 
nucleus  precedes  the  sperm  cells  by  up  to  50  um  (Fig  18,  19)  and  is  nearly 
as  wide  as  the  bore  of  the  tube.  The  vegetative  nucleus  is  highly  elongated, 
with  numerous  lobed  extensions  near  its  apex  (Fig.  20,  arrows).  Sperm  cells 
travel  within  the  tube  as  a  iinked  pair,  and  continue  to  share  a  common  cell 
wall. 

In  light  microscopy,  a  strand  passing  between  the  vegetative  nucleus  and 
the  leading  sperm  cell  can  be  distinguished  (Fig  18,  19).  Electron  microscopic 

examination  reveals  that  this  strand  is  composed  of  vegetative  nucleus,  internal 
pollen  plasma  membrane,  and  projections  of  the  leading  sperm  cell  (Figs.  19-22). 
Projections  of  sperm  cytoplasm  are  relatively  narrow  and  sometimes  appear  to 
be  isolated  within  a  thin  layer  of  perinuclear  cytoplasm  (Fig  21).  The  leading 
sperm  cell  is  demonstrably  contiguous  for  over  30  um  from  the  center  of  the 
strand  (Fig.  19,  unlabeled  arrow)  to  the  sperm  cell  common  wall;  it  may  become 
more  than  60  um  long,  since  sperm  cytoplasm  can  also  be  recognized  near  the 
main  body  of  the  vegetative  nucleus  (Fig.  19,  unlabeled  arrowheads).  The 
vegetative  nucleus,  itself,  stretches  to  >40  um  at  this  stage  (Fig.  19  and  22). 
The  region  of  sperm-vegetative  nucleus  overlap  may  extend  for  a  distance  of 
>35  um  (a  length  consistent  with  that  of  the  sperm  projection  in  pollen  grains; 
see  Fig.  1  1). 

During  a  slower  phase  of  pollen  tube  elongation  (about  250  um/hr,  in 
vivo )  which  occurs  near  the  ovule,  tube  diameter  increases  until  the  two  sperms 
can  fit  beside  each  other  in  the  tube  (Fig.  23).  Sperms  remain  associated  with 
the  vegetative  nucleus  even  after  entering  the  micropyle  (unpublished  data),  but 
more  loosely  than  before  as  the  sperms  become  more  rounded  (Fig  24  27).  In 
these  last  two  figures,  sperm  projections  do  not  occur,  but  lobes  of  vegetative 
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Figs.  18-22:  Chemically-fixed  style  with  growing  pollen  tube. 


Fig.  18:  Nomarski  differential  interference  micrograph  of  apical  portion  of  pollen 
tube  during  rapid  elongation  phase  in  the  upper  style.  The  pollen  tube 
apex  is  oriented  toward  the  top  of  the  page.  The  strand  composed  of 
vegetative  nucleus  (1//V  and  sperm  cell  (S)  linking  these  two  bodies  is 
labeled  in  an  electron  micrograph  of  this  section  in  Fig  19.  X  2,400. 


Fig.  19:  Electron  micrograph  of  pollen  tube  during  rapid  elongation  phase  obtained 
by  reembedding  and  ultrathin-sectioning  the  section  shown  in  Fig.  18. 
Unlabeled  arrowheads  indicate  strands  of  sperm  cell  cytoplasm  associated 
with  elongate  vegetative  nucleus  (VN).  Two  sperms  (S)  remain  linked  by  a 
shared  cell  wall.  X  2,800. 


Fig.  20:  Electron  micrograph  of  vegetative  nucleus  apex  during  rapid  elongation 
phase  at  higher  magnification.  The  leading  face  of  the  vegetative  nucleus 
displays  numerous  lobes  in  the  nuclear  envelope  (small  arrows).  X  9,430. 


Fig.  21:  Electron  micrograph  of  vegetative  nucleus  adjacent  to  sperm  projection 
during  rapid  pollen  tube  elongation  Segments  of  sperm  cell  (S)  are  visible 
near  the  thin  perinuclear  cytoplasm  at  the  trailing  edge  of  the  same 
vegetative  nucleus.  X  17,650. 


Fig.  22:  Electron  micrograph  of  vegetative  nucleus  adjacent  to  sperm  projection 
during  rapid  pollen  tube  elongation.  The  most  proximal  portion  of 
vegetative  nucleus  (1//V)  is  also  associated  with  sperm  cell.  The  same 
segment  of  vegetative  nucleus  is  indicated  by  a  labeled  arrowhead  in  Fig. 
19.  X  12,350. 
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nucleus  are  located  as  closely  as  0.1  um  from  the  leading  sperm.  Sperm  cells 
appear  to  remain  connected  by  plasmodesmata  as  the  pollen  tube  nears  the 
micropyle  (Fig  27,  arrow),  and  remain  closely  associated  even  after  their 
discharge  from  the  pollen  tube  within  the  embryo  sac  (Russell,  1980). 

Sperm  cell  modifications  during  pollen  tube  growth 

During  the  course  of  pollen  tube  growth,  sperms  become  more  rounded 
and  less  irregularly  shaped  in  both  chemically  and  physically  fixed  stylar  tissues 
(Fig.  18,  23,  25).  In  freeze-substituted  material,  sperm  cells  become  rounded  and 
more  regularly  shaped,  but  not  spherical.  Sperms  continue  to  possess  a  periodic 
acid-Schiff  s  (PAS)  reactive  cell  wall,  visible  in  unstained  sections  as  a  clear 

region  (Fig.  23);  however,  the  stainablity  and  extent  of  this  wall  decreases  during 
pollen  tube  growth  Sperm  cell  projections  are  usually  observed  but  are  less 
extensive  than  in  pollen  grains. 

Sperm  organelles  are  not  greatly  modified  during  pollen  tube  growth,  but 

changes  in  the  condition  of  mitochondria  appear  noteworthy.  Sperm  mitochondria, 
which  are  round  at  anthesis  and  have  narrow  cristae  (Fig  5),  elongate  during 
pollen  tube  growth  and  their  cristae  expand  considerably  (Fig.  26).  These 

alterations  were  also  observed  in  the  pollen  tube  but  were  not  observed  in 

surrounding  stylar  tissue  (unpublished  data).  The  sperm  nucleus  becomes  more 
nearly  spherical  near  the  completion  of  tube  growth,  presumably  as  a  result  of 

changes  in  cell  shape.  Nuclear  contents  appear  to  become  slightly  more 
condensed  (Fig.  23,  25).  No  significant  changes  were  observed  in  the  nucleolus 

or  in  plastids. 

C.  Discussion 
Sperm  cell  structure 

Sperm  and  generative  cells  examined  to  date  share  a  number  of  common 

cytological  features.  These  include  the  presence  of  a  nucleus,  free  and  bound 

ribosomes,  endoplasmic  reticulum,  vesicles,  dictyosomes,  and  mitochondria- 

Additionally,  generative  and  sperm  cells  are  delimited  by  their  own  plasma 

Jln  a  single  exception,  E pidend rum  scute! Id,  the  generative  cell  appears  to  lack 
mitochondria  (Cocucci  and  Jensen,  1969a). 
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Fig.  23: 

Phase  contrast  micrograph  of  pollen  tube  during  slow  growth  phase 

Frozen-substituted  pollen  tube  fixed  during  the  slow  phase  of  tube 

growth  near  the  ovule.  Somewhat  rounded  sperm  cells  (S)  remain 
surrounded  by  a  clear  zone  (arrowheads)  which  represents  cell  wall. 

Vegetative  nucleus  (VN)  remains  closely  associated  with  sperms.  The 

pollen  tube  apex  is  shown  in  the  upper  right  corner  of  this  figure  X 
2,500. 

Figs.  24-27:  Electron  micrographs  of  chemically  fixed  pollen  tubes  in  the  style. 


Fig.  24: 

Electron  micrograph  of  a  sperm  plastid  during  late  pollen  tube  growth 
near  the  ovule.  An  unlabeled  arrow  in  the  pollen  cytoplasm  indicates 
probable  bundle  of  microfilaments.  X  53,500. 

Fig.  25: 

Electron  micrograph  of  the  pollen  tube  nearing  the  ovule  showing  the 
vegetative  nucleus  (WV)  leading  two  rounded  sperm  cells  (S).  Pollen  tube 
is  just  emerging  from  the  stylar  transmitting  tissue  (TT).  The  inner 
integument  is  shown  nearby  i/nt).  X  3,500. 

Fig.  26: 

Electron  micrograph  of  sperm  mitochondrion  during  late  pollen  tube 
growth.  Sperm  mitochondria  im)  become  elongate,  and  cristae  expand 
during  late  phases  of  pollen  tube  growth.  X  50,000. 

Fig.  27: 

Electron  micrograph  of  two  chemically-fixed  sperm  during  late  pollen 
tube  growth.  Two  rounded  sperm  cells  remain  linked  (arrow)  as  pollen 
tube  approaches  the  ovule.  N  =  nucleus;  p  =  plastid.  X  1  1,400. 
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membrane  and  are  surrounded  by  the  inner  vegetative  cell  membrane.  However, 
the  cytology  of  flowering  plant  sperms  appears  to  vary  with  regard  to  the 

inclusion  of  piastids,  microtubules,  microfilaments,  and  the  presence  and  extent  of 
a  surrounding  cell  wall  (Cass,  1973;  Cass  and  Karas,  1975;  Cheng,  Shiyi.  Liyun. 
Xiuru,  and  Jiaheng,  1980;  Hoefert,  1969;  Jensen  and  Fisher,  1968b;  Karas  and 
Cass,  1976). 

The  presence  of  generative  cell  piastids  appears  to  be  a  prerequisite  for 
the  transmission  and  inheritance  of  male  plastome  genes  (Hagemann,  1976). 

Angiosperms  which  display  uniparental  (maternal)  patterns  of  plastome  inheritance, 
as  do  the  majority  of  flowering  plants  (Gillham,  1978),  typically  exclude  piastids 
during  generative  cell  cytokinesis  (Hagemann,  1976)  or  eliminate  piastids  by  means 
of  a  "lethality  factor"  during  generative  cell  maturation  (Clauhs  and  Grun,  1977) 
However,  the  presence  of  piastids  in  the  generative  cell,  while  permitting 
transmission  of  paternal  piastids  into  the  sperm,  does  not  necessitate  their 
genetic  expression  in  the  embryo.  In  some  varieties  of  Oenothera,  a 
well-described  but  apparently  little  understood  process  of  nucleocytoplasmic 
incompatibility  appears  to  decrease  the  replication  rate  of  male  piastids,  alters 
their  genetic  expression,  and  eventually  may  result  in  the  elimination  of  paternal 
piastids  within  the  mature  plant  (Grun,  1976;  Gillham,  1978).  A  number  of  other 
possibilities  in  which  generative  cell  piastids  may  be  transmitted  but  uninherited 
include:  i)  spontaneous  or  nuclear-induced  failure  of  sperm  piastids  to  replicate 
or  to  express  certain  genetic  characteristics;  ii)  differential  plastid  apportionment 
during  generative  cell  division;  iii)  transmission  of  sperm  piastids  into  a  cell 
lineage  which  is  unrepresented  in  the  mature  plant  (eg.,  the  suspensor  or  basal 
cell);  iv)  failure  of  sperm  cytoplasm  to  enter  the  egg  during  gamete  fusion. 
Although  cytological  evidence  contradicts  the  fourth  alternative  in  P.  zeylanica 
(Russell,  1980),  an  evaluation  of  the  remaining  options  will  require  a  thorough 
knowledge  of  plastome  genetics  and  ultrastructure  in  this  plant.  In  considering  the 
transmission  of  other  heritable  structures  in  the  generative  or  sperm  cell 
cytoplasm,  including  mitochondria  or  virions,  similar  arguments  may  be  made 
Presuming  that  conditions  of  non-inheritance  like  those  described  above  are  not 
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in  effect,  one  would  expect,  based  on  the  present  study  of  sperm  cytology, 
that  P.  zey/anica  will  display  biparental  inheritance  patterns  of  plastid  and 
mitochondrial  genes,  and  transmit  other  heritable  structures  present  in  male 
cytoplasm 

The  nature  of  the  cell  walls  surrounding  male  gametes  may  be  expected 
to  influence  sperm  cell  physiology  and  gametic  transmission,  yet  there  is  no 
clear,  general  understanding  of  their  construction  and  extent  In  P.  zey/anica, 

plasmodesmata  and  vesicles  are  present  in  sperm  cell  walls  regardless  of 
preparative  techniques  used;  fibrillar  substructure  is  not  visible.  In  four  different 
chemical  fixation  regimes,  variable  distances  were  observed  between  sperm  and 
vegetative  cell  membranes  and  attempts  to  stain  the  sperm  cell  wall  with  the 
PAS  and  PA-TCH-SP  reactions  produced  negligible  results.  Thus,  sperm  cell  walls 
which  were  chemically  fixed  appeared  to  be  altered  during  preparation. 

Physically-fixed,  freeze-substituted  mature  pollen  grains  produced  a  far  more 
consistent  image  of  sperm  cell  wall  structure  and  thickness,  staining  intensely 

after  PAS  and  PA-TCH-SP  reaction.  In  these  preparations,  the  sperm  cell  wall  is 
0.05  to  0.1  um  wide  and  decreases  after  several  hours  of  pollen  tube  growth 
to  less  than  0.03  um.  Near  the  completion  of  pollen  tube  growth,  the  sperm 
boundary  appears  to  consist  of  only  a  thin  layer  of  polysaccharides  rather  than  a 
conventional  cell  wall.  Following  discharge  from  the  pollen  tube,  sperm  cell  wall 

appears  to  disperse  almost  completely  (unpublished  data),  and  therefore  would  not 
be  expected  to  interfere  with  the  completion  of  gamete  fusion. 

The  regulation  of  mature  sperm  cell  shape  in  P.  zey/anica  is  an  intriguing 

question  in  light  of  the  structural  relationships  reported  between  sperms  and  the 
vegetative  nucleus.  In  this  regard,  the  presence  and  extent  of  microtubules  and 

microfilaments  should  receive  special  consideration,  as  these  two  structures  are 
generally  believed  to  have  major  cytoskeletal  roles.  The  establishment  of  the 

spindle  shape  typical  of  mature  sperm  cells  occurs  in  the  progenitor  (generative) 
cell  in  P.  zey/anica  At  this  stage  the  generative  cell  has  numerous, 
longitudinally-oriented  microtubules  located  adjacent  to  the  plasma  membrane. 
Presumably,  these  microtubules  serve,  at  least  in  part,  a  cytoskeletal  role  and 
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may  as  in  Endymion  and  Haemanthus  generative  cells  aid  in  the  transformation 
of  the  immature,  ellipsoidal  generative  cell  into  its  mature  spindle  shape  (Burgess, 
1970;  Sanger  and  Jackson,  1971).  Apparently,  in  Endymion,  some  cytoskeletal 
microtubules  may  become  incorporated  in  forming  the  mitotic  spindle  during 
generative  cell  division  (Burgess,  1970).  In  P.  zey/anica,  a  similar  phase  of 
microtubular  depletion  seems  to  occur  during  sperm  cell  formation;  however,  in 
sperms  of  this  plant,  unlike  sperms  of  other  trinucleate  pollen  reported  to  date 
{Beta,  Hoefert,  1969;  Hordeum,  Cass,  1973;  Cass  and  Karas,  1975;  Seca/e,  Karas 
and  Cass,  1976;  Triticum,  Cheng,  et  al..  1980),  cytoskeletal  microtubules 

apparently  are  not  re-established  after  generative  cell  division.  In  Plumbago  unlike 
the  latter  plants,  cellular  morphogenesis  appears  to  precede  sperm  cell  formation 
(unpublished  data),  whereas  in  Hordeum,  Seca/e,  and  Triticum,  the  onset  and 

completion  of  morphogenesis  apparently  follows  sperm  formation.  Beta  appears 
to  represent  an  intermediate  case,  in  which  the  onset  of  morphogenesis  precedes 
generative  cell  division,  but  is  not  completed  until  after  the  two  sperms  are 
formed  (Hoefert,  1969,  1971). 

The  presence  of  infrequently  observed  microfilaments  may  contribute  to 
the  regulation  of  sperm  cell  shape  but  the  extent  of  their  influence  is  unknown. 
Correlated  light  microscopic  examination  of  living,  isolated  sperm  cells  reveals 
that  immediately  upon  release  from  the  pollen  grain,  local  irregularities  in  sperm 
shape  decrease  and  that  sperms  initially  retain  their  spindle  shape  and  structural 
associations.  Sperms  also  display  extensive  cell  plasticity  in  vivo  during  passage 
in  normally  growing  pollen  tubes  (Fig.  18,  19).  Such  observations  of  sperm 

cytology  and  behavior  suggest  that  the  external  environment  of  sperm  cells  plays 
an  important  role  in  maintaining  cell  shape.  Observed  shape  changes  in  vivo  may 
result  largely  from  changing  cytoplasmic  conditions  in  the  pollen  gram  and 
growing  pollen  tube.  Based  on  the  apparent  absence  of  highly  organized  cellular 
components  known  to  influence  cell  movement  in  other  biological  systems,  and 
my  own  observations  of  living,  isolated  sperms.  I  feel  that  the  possibility  of 
directional  motility  in  sperm  cells  of  P.  zey/anica  is  highly  unlikely. 
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Structural  associations  involving  sperm  cells 

The  two  sperms  and  the  vegetative  nucleus  are  consistently  associated  in 
pollen  grains  and  tubes  of  P.  zeylanica  independent  of  the  mode  of  fixation  or 
other  preparative  procedures  (see  section  3.2).  The  two  sperms  are  joined  by  a 
transverse  cell  wall  with  plasmodesmata  (Fig.  2,  arrowheads)  and  are  surrounded 
by  the  inner  vegetative  cell  membrane.  The  transverse  cell  wall  probably 
originates  during  generative  cell  cytokinesis  One  of  the  two  sperm  cells  is 
consistently  associated  with  the  vegetative  nucleus,  sharing  complex 
complementary  boundaries  over  much  of  its  surface  The  basis  of  this  association 
appears  to  be  a  long,  narrow  projection  of  the  associated  sperm  cell  which 
wraps  around  and  occupies  embayments  of  the  vegetative  nucleus;  only  a  thin 
sheath  of  perinuclear  cytoplasm  appears  to  separate  these  two  structures.  Lobes 
of  the  vegetative  nucleus,  in  turn,  partially  ensheath  this  associated  sperm  cell. 
Two  important  features  of  the  sperm-vegetative  nucleus  association,  namely  i) 
the  extensive  surface  area  shared  by  sperm  and  vegetative  perinuclear  cytoplasm, 
and  ii)  the  elaborate  morphological  relationship  between  one  sperm  and  the 
vegetative  nucleus,  suggest  that  the  conformational  relationship  of  these  two 
structures  may  help  stabilize  their  association.  The  only  recent  report  which 
presents  information  comparable  to  the  present  study  is  that  of  Jensen  and 
Fisher  (1970),  in  which  the  sperms  of  cotton  are  apparently  associated  with  the 
vegetative  nucleus,  but  this  association  in  cotton  lacks  the  morphological 
complexity  observed  in  Plumbago.  Since  it  seems  unlikely  that  two  large 
structures  like  these  could  be  stabilized  exclusively  by  their  conformation,  I 
looked  specifically  for  cellular  structures  which  might  directly  link  one  sperm  or 
its  surrounding  membranes  with  the  vegetative  nucleus.  I  was,  however,  unable  to 
observe  any  such  structures. 

The  occurrence  of  associations  between  sperm  cells  and  the  vegetative 
nucleus  may  facilitate  the  passage  of  sperms  within  the  pollen  tube  and  assure 
their  nearly  simultaneous  delivery  into  the  embryo  sac.  Rapid  pollen  tube  growth, 
while  being  an  obvious  advantage  in  gametophytic  competition,  would  be 
counterproductive  if  it  resulted  in  the  inadvertent  exclusion  of  male  gametes 


. 
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from  the  growing  pollen  tube.  Possibly,  especially  in  light  of  rapid  pollen  tube 
elongation  rates  in  P.  zey/anica  (which  reach  5  mm/hr  (> 80  um/min)  in  artificially 
pollinated  styles;  unpublished  observations),  such  a  linkage  may  represent  a 
competitive  advantage  in  delivering  both  sperms  to  the  lower  style  and  ovule 
more  effectively.  As  pollen  tube  growth  slows,  the  sperms  and  vegetative 
nucleus  approach  the  growing  tip  and  seem  less  tightly  associated;  they  share 
less  surface  area  and  the  sperm  projection  becomes  less  conspicuous. 
Sperm-to-sperm  connections  are  retained  throughout  pollen  tube  growth  and  may 
also  aid  in  delivering  both  male  gametes  into  the  region  between  the  egg  and 
central  cell  where  gamete  fusion  occurs  (Russell,  1980;  Russell  and  Cass,  1981b). 
Successful  gamete  transmission  in  the  Plumbago  system,  as  well  as  in  the  more 
common  system  in  angiosperms  where  gamete  transmission  is  mediated  by  a 
synergid.  probably  requires,  some  form  of  gamete  recognition  with  specific 
conditions  of  membrane  receptivity.  Since  the  conditions  favorable  for  gamete 
fusion  are  likely  to  be  transient  following  pollen  tube  discharge,  the  close 
association  of  sperm  cells  could  promote  their  efficient  co-transmission  at  a 
time  when  the  receptivity  of  target  cell  membranes  is  being  rapidly  altered 

Sexual  reproduction  in  P.  zeylanica,  and  apparently  all  members  of  the 
tribe  Plumbagineae  (Russell,  1980),  occurs  in  the  absence  of  synergids,  the  cell 
type  in  angiosperm  megagametophytes  which  normally  receives  the  pollen  tube 
and  physically  mediates  sperm  transmission.  Using  previous  studies  of  male 
gamete  structure  as  a  basis  for  comparison  (Cass,  1973;  Cass  and  Karas,  1975; 
Cheng,  et  al.,  1980;  Hoefert,  1969;  Jensen  and  Fisher,  1968b;  and  Karas  and 
Cass,  1976),  I  have  been  unable  to  find  any  unique  modifications  in  P.  zeylanica 
sperm  structure  which  may  facilitate  the  process  of  gamete  delivery  in  a 
synergidless  angiosperm,  with  the  possible  exception  of  sperm-to-sperm 
connections  and  associations  with  the  vegetative  nucleus.  Theoretically, 
simultaneous  delivery  of  both  male  gametes  should  be  favored  in  angiosperm 
reproductive  systems  where  sperms  must  each  be  delivered  to  different  female 
cells  to  effect  double  fertilization;  however,  the  generality  of  the  structural 
features  described  in  Plumbago  is  yet  unknown  and  may  prove  to  be  relatively 


. 


common  as  other  flowering  plant  sperms  are  critically  examined. 


IV.  Sperm  Ultrastructure:  Quantitative  Cytology  and  Symmetry  of  Organelle 


Inheritance 


A.  Introduction 

In  the  majority  of  angiosperm  male  gametophytes,  the  generative  cell  lacks 
plastids  (Giilham,  1978)  either  as  a  consequence  of  unequal  distribution  of 
plastids  during  the  formation  of  the  generative  cell  (Hagemann,  1976)  or  as  a 
result  of  degeneration  of  plastids  during  generative  cell  maturatiOQ.  (Clauhs  and 
Grun,  1977).  Those  taxa  which  do  contain  generative  cell  plastids  are  divided  into 
two  groups:  plants  which  regularly  contain  numerous  generative  cell  plastids 

(Dexheimer,  1965;  Diers,  1963;  Knoth,  1975;  Lombardo  and  Gerola.  1968)  and 
those  which  inconsistently  may  possess  few  or  single  plastids  (Hoefert.  1969). 
The  consistency  of  these  cytological  results  with  the  genetic  data  suggest  the 

possibility  that  cytological  study  of  generative  cells  may  reliably  allow  prediction 
of  whether  paternal  plastids  are  transmitted,  or  whether  such  transmission  is 
impossible  because  of  their  absence 

The  predictive  value  of  cytological  examination  in  cases  of  possible 

biparental  inheritance,  where  paternal  plastids  are  observed,  rests  on  the 
assumption  of  symmetrical  plastid  inheritance  during  generative  cell  division  and 
sperm  cell  formation,  and  that  the  numerical  content  of  plastids  remains  constant 
(or  nearly  constant)  throughout  sperm  maturation  to  gamete  fusion.  The  numerical 
content  of  heritable  organelles  may  also  prove  to  be  an  important  parameter  in 

predicting  the  initial  influx  of  male  organelles  and  the  possible  extent  of  their 
influence  during  early  embryogenesis. 

The  present  study  reports  on  the  numerical  content  and  spatial  distribution 
of  heritable  organelles  in  paired  sperm  cells  within  the  pollen  grain  at  anthesis  in 
Plumbago  zeylanica. 
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B.  Results  and  Discussion 

The  microgametophyte  of  P.  zey/anica  contains  two  spindle-shaped  sperm 
cells  and  a  vegetative  nuceius.  The  two  sperm  cells  consistently  differ  in 
morphology  and  may  thereby  be  distinguished  from  one  another:  the  single  sperm 
cell  which  is  most  closely  associated  with  the  vegetative  nucleus  bears  a  long, 
slender  cellular  projection  which  wraps  around  the  vegetative  nucleus;  the  second 
sperm  cell,  is  connected  with  the  first  by  plasmodesmata  and  a  common  cell 
wall,  but  is  not  directly  associated  with  the  vegetative  nucleus.  Details  concerning 
the  nature  and  possible  significance  of  this  relationship  are  discussed  in  the 
preceding  chapter. 

Reconstruction  of  1  1  pairs  of  sperm  cells  within  the  pollen  grain  reveal 
quantitative  and  qualitative  differences  in  the  number  of  heritable  organelles 
present  in  each  sperm  cell  after  generative  cell  division  (Table  3,  4).  The  sperm 

associated  with  the  vegetative  nucleus  possessed  most  of  the  mitochondria  (ave 
256.2)  including  numerous  mitochondria  within  the  cellular  projection  (ave  80; 
Table  3).  The  other  sperm  (unassociated  with  the  vegetative  nucleus)  possessed 
significantly  fewer  such  mitochondria  (ave.  39.82;  p  <  .0001;  Table  5,  6). 

The  distribution  of  plastids  showed  an  even  greater  disparity  between  the 

two  sperm  cells.  The  sperm  which  is  associated  with  the  vegetative  nucleus 
contained  at  most  two  plastids  and  typically  none  (ave.  0.45),  whereas  the  other 
sperm  cell  had  from  eight  to  46  plastids  (ave.  24.2;  Table  3).  The  dissimilarity  of 
these  two  types  of  sperm  is  demonstrated  in  the  scatter  diagram  in  Table  4. 

Observations  of  over  50  pollen  grains  indicated  that  the  presence  of 
numerous  plastids  in  the  sperm  unassociated  with  the  vegetative  nucleus  was 
consistent.  In  several  cases  where  the  sperm  containing  plastids  appeared  to  be 

in  direct  contact  with  the  vegetative  nucleus,  other  sections  of  the  same  pollen 
grain  were  examined  with  particular  care.  In  these  sections,  the  second  sperm 
was  clearly  visible  and  possessed  a  cellular  projection  tightly  associated  with  the 
vegetative  nucleus  The  presence  of  plastids  in  the  sperm  associated  with  the 

vegetative  nucleus  was  observed  in  three  of  the  eleven  sperm  cells  In  each,  the 
plastids  are  consistently  located  within  0  5  um  of  the  junction  with  the  other 
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Table  3:  Descriptive  statistics  comparing  the  numerical  content  of  mitochondria,  plastids,  and  microbodies  In  two  groups 
of  sperm  cells  differentiated  on  the  basis  of  association  with  the  vegetative  nucleus;  and  within  the  sperm  associated 
with  the  vegetative  nucleus,  two  minor  groups  based  on  cellular  location  of  organelles  within  the  sperm  cell  body  and 
cellular  projection. 
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Table  4:  Scatter  diagram  comparing  the  numerical  content  of  mitochondria 
and  plastids  in  two  groups  of  sperm  cells  based  on  association  with  the 
vegetative  nucleus.  (Overlapping  points  are  represented  by  a  number  which 
corresponds  to  the  number  of  points  which  coincide.) 


Group  I:  Sperms  associated  with  the  vegetative  nucleus. 
Group  II:  Sperms  unassociated  with  the  vegetative  nucleus. 
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Table  5:  Paired  t  test  comparing  the  numerical  content  of  mitochondria,  plastlds,  and  microbodies  in  two  groups  of 
sperm  cells,  organized  with  respect  to  organelle  type. 
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sperm  cell. 

The  occurrence  and  distribution  of  single  membrane-bound  bodies  with 

homogenous  contents,  resembling  microbodies,  were  also  recorded.  The  sperm 
which  is  associated  with  the  vegetative  nucleus  contained  significantly  fewer 
microbodies  (0-2;  ave.  045)  than  did  the  other  sperm  (0-8  microbodies;  ave. 

3.5;  p  =  .0014;  Table  3,  5,  6). 

Preliminary  evidence  strongly  suggests  that  the  apportionment  of  heritable 
organelles  in  the  sperm  is  determined  by  the  distribution  of  these  organelles 

prior  to  generative  cell  division.  At  a  late  stage  of  generative  cell  maturation 
after  the  generative  cell  has  become  free  from  the  intine  and  is  becoming 

elongated  (Fig.  28),  plastids  are  found  almost  exclusively  at  one  pole  of  the  cell 
and  most  mitochondria  are  located  at  the  other  pole.  The  mechanism  by  which 
plastid  and  mitochondrial  distribution  patterns  originate  within  the  generative  cell  is 
unknown,  but  the  polarization  of  the  generative  cell  appears  associated  with  the 
development  of  a  cellular  projection  near  the  middle  of  generative  cell  maturation. 
Future  patterns  of  organelle  distribution  are  organized  with  respect  to  this 
polarity,  with  mainly  mitochondria  in  the  half  of  the  generative  cell  associated 
with  the  vegetative  nucleus.  9 1 
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Fig.  28:  Electron  micrograph  of  generative  cell  in  immature  pollen  near  the  middle 
of  generative  cell  maturation.  Plastids  (P)  are  located  at  one  pole  of  the 
cell;  mitochondria  (M)  are  located  at  the  opposite  pole  Establishment  of 
generative  cell  polarity  has  occurred  by  this  stage  as  the  cell  begins  to 
undergo  elongation  into  a  spindle  shape  Longitudinally-oriented 
microtubules  (unlabelled  arrowheads)  are  numerous  at  the  periphery  of  the 
cell  next  to  the  generative  cell  wall  and  are  regarded  as  essential 
organelles  in  the  establishment  of  generative  and  sperm  shape,  although 
absent  in  the  mature  sperm  of  P.  zeylanica  (N)  generative  cell  nucleus. 
UA-PbCit  staining  X  22,000. 
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V.  Fertilization:  Entry  and  Discharge  of  the  Pollen  Tube  in  the  Embryo  Sac 


A.  Introduction 

The  course  of  the  pollen  tube  in  the  Plumbago  and  P/umbagel la- type 
embryo  sacs  is  problematical  in  light  of  current  concepts  of  angiosperm  gamete 
transfer.  Lacking  synergids  and  identifiable  antipodal  cells,  basic  questions  remain 
concerning  the  organization  and  behavior  of  these  reduced  embryo  sacs  during 
reproductive  function.  Cass  and  Karas  (1974)  examined  the  fine  structure  of  the 
egg  of  Plumbago ,  concluding  that  in  a  number  of  ways  it  displays  features  more 
typical  of  synergids  in  the  normal  egg  apparatus:  evidence  of  greater 
physiological  activity,  presence  of  a  filiform  apparatus,  and  extreme  micropyiar 
position  of  the  egg  are  among  the  more  significant  similarities. 

In  early  accounts  of  fertilization  and  embryogenesis  in  the  Plumbaginoideae, 
Dahlgren  (1916,  1937)  was  unable  to  document  the  entry  of  the  pollen  tube  and 
fusion  of  sperm  nuclei,  but  contended  that  double  fertilization  probably  occurs  as 
it  does  in  more  typical  megagametophytes.  Only  in  recent  years  have  these 
questions  once  again  been  addressed  (Russell,  1980,  Russell  and  Cass,  1981b) 

and  in  resolving  these  issues  the  study  of  Plumbago  zeylanica  has  revealed  an 
alternative  pathway  for  pollen  tube  growth  and  confirmed  the  presence  of  double 
fertilization  in  the  absence  of  synergids.  The  present  study  traces  the  course  of 
final  pollen  tube  growth  and  discharge  within  the  embryo  sac  of  P.  zeylanica 
and  introduces  an  examination  of  the  fate  of  pollen  tube  nuclei  which  will  be 
discussed  more  fully  in  the  following  chapter. 

B.  Observations 

Initiation  and  growth  of  the  pollen  tube  into  the  ovule 

Initiation  of  pollen  tube  growth  occurs  within  15  minutes  of  pollination; 

the  successful  pollen  tube  penetrates  over  20  mm  of  gynoecial  tissue  in  the 
most  rapidly  developing  pollen  tubes  and  may  arrive  at  the  ovule  within  less  than 
8-1/2  hr  (Table  6).  The  newly  formed  pollen  tube  penetrates  between  the  top 

layers  of  cells  at  the  stigmatic  surface  and  within  one  cell  layer  enters  the 
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Table  6:  Chronology  of  fertilization  events  in  Plumbago  zeylanica  based  on 
maxima  growth  rates  following  artificial  pollination  of  flowers 
emasculated  prior  to  anthesis  (in  hours:minutes) 


Initiation  of  pollen  tube  growth;  penetration  0  -  0  15 

of  stigma 


Rapid  pollen  tube  growth  in  lower  style  0:15  -  4:30 


Slower  pollen  tube  growth  in  lower  style  4:30  -  8:10 


Arrival  of  pollen  tube  at  ovule;  penetration  of  micropyle  8:15  -  8:20 


Penetration  of  nucellus  and  filiform  apparatus;  entry  and  8:25 

discharge  of  the  pollen  tube  into  the  embryo  sac 


Gamete  fusion;  -transmission  of  sperm  nuclei 


8:30 


Initiation  of  nuclear  fusion;  fertilization 


8:40 


Fig.  29:  Reconstruction  of  a  mature  embryo  sac  of  P.  zey/anica  A  large, 
vacuolate  egg  (E)  with  numerous  cell  wall  ingrowths  at  its  base  {FA  = 
filiform  apparatus)  occupies  the  micropylar  end  of  the  megagametcphyte 
It  is  partially  surrounded  within  the  embryo  sac  by  a  central  cell  (CC)  with 
its  nucleus  opposite  the  nucleus  of  the  egg  cell.  Three  accessory  cells 
of  widely  varying  shapes  and  sizes  are  present  within  the  mature  embryo 
sac.  but  do  not  directly  participate  in  the  fertilization  process  and  appear 
to  be  ephemeral  structures.  Degeneration  may  occur  before  fertilization, 
as  in  the  case  of  the  antipodal  cell  shown  (AC),  or  during  later 
embryogeny,  as  would  be  the  case  in  the  lateral  cells  ( LC )  shown 
Approximately  X  800. 
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modified  cell  wall  matrix  of  the  closed  transmitting  tissue  Arms  of  transmitting 
tissue  reaching  into  the  stigmatic  lobes  fuse  proximally  to  form  a  single, 

contiguous  cylinder  in  the  style;  it  ends  abruptly  at  the  summit  of  the  ovary 
forming  an  obturator  which  is  appressed  to  the  single  ovule  in  the  uniloculate 
ovary.  The  pollen  tube  does  not  leave  the  cylinder  of  transmitting  tissue  during 
growth  until  arrival  at  the  ovule,  and  during  this  time  is  not  observed  outside  of 
the  intercellular  wall  matrix  formed  by  these  cells  As  the  pollen  tube  reaches 

the  base  of  the  style,  it  emerges  from  the  transmitting  tissue,  skirts  the  edge  of 
the  funiculus,  which  partially  occludes  the  micropyle,  and  enters  the  ovule  through 
a  micropyle  formed  by  the  inner  integument.  Growth  of  the  pollen  tube  is 

known  to  be  relatively  slow  within  this  region  (Chapter  3),  but  a  narrowing  of 
the  diameter  of  the  pollen  tube  at  the  micropyle  may  increase  the  rate  of  tip 

growth  near  the  ovule.  At  the  base  of  the  nucellus  (Fig  33),  pollen  tube  breadth 
increases  significantly  and  a  corresponding  lag  in  the  rate  of  elongation  appears 
to  occur. 

The  nucellar  region  through  which  the  tube  enters  the  megagametophyte 
does  not  undergo  as  many  periclina!  divisions  during  its  ontogeny  as  do 
surrounding  nucellar  areas,  but  in  other  respects  the  morphological  organization  of 
this  tissue  appears  unspecialized  for  ultimate  pollen  tube  penetration  Upon  pollen 
tube  arrival,  the  middle  lamellae  of  cell  walls  within  this  region  appear  to  become 
disorganized  (Fig.  33,  arrows)  and  intercellular  space  between  these  cells  becomes 
evident.  The  pollen  tube  apparently  presses  between  these  cells,  displacing  them, 
during  its  passage  through  the  nucellus.  The  cytoplasm  of  surrounding  nucellar 
cells  does  not  appear  to  undergo  recognizable  morphological  alteration  prior  to 
the  arrival  of  the  pollen  tube,  but  soon  afterwards  may  rapidly  become 
electron-dense  (Fig.  36,  38)  as  an  apparent  consequence  of  pollen  tube  passage. 
Organization  of  the  mature  embryo  sac  before  pollen  tube  arrival 

The  unfertilized  megagametophyte  of  P.  zeylanica  consists  of  five  cells: 
the  egg,  central  cell,  and  three  accessory  cells:  two  lateral  cells  and  one  chalazal 
cell  (Fig.  29'.  The  mature  egg  is  a  highly  polarized  cell  occupied  by  a  prominent 
central  vacuole  The  nucleus,  numerous  mitochondria,  and  a  majority  of  the 
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Fig.  30: 


Fig.  31: 


Fig.  32: 


Electron  micrograph  of  median  longitudinal  section  of  egg  and  central  cell 
nuclei  in  an  unfertilized  embryo  sac.  Cytoplasmic  areas  (arrowheads)  within 
the  central  cell  nucleus  iPN)  represent  evidence  for  the  prior  fusion  of 
polar  nuclei  Numerous  mitochondria  and  a  majority  of  the  plastids  are 
located  in  the  cytoplasm  surrounding  the  central  cell  and  egg  nucleus  (A/). 
A  continuous  thin  cell  wall  separates  egg  (E)  and  central  cell  ( CC ). 
UA-PbCit  staining  X  5300. 


Electron  micrograph  of  a  pollen  tube  within  the  filiform  apparatus  at  the 
base  of  the  egg  in  cross  section.  The  embryo  sac  wall  at  the  base  of 
the  egg  is  composed  of  the  cell  walls  of  the  egg  and  degenerate 
remains  of  nucellar  cells  crushed  during  embryo  sac  ontogeny.  The 
stellate  pattern  of  the  base  of  the  egg  evident  in  cross  section  is  the 
result  of  the  encroachment  of  intact  nucellar  cells.  FA  filiform  apparatus; 
PT  pollen  tube.  UA-PbCit  staining.  X  3450. 


Higher  magnification  electron  micrograph  of  filiform  apparatus  in  base  of 
the  egg  near  pollen  tube.  Filiform  projections  contain  aligned  internal 
fibrils  evident  here  in  both  cross  (black  arrowheads)  and  longitudinal 
section  (white  arrowheads).  Electron-opaque  areas  within  the  filiform 
apparatus  cell  wall  may  represent  areas  of  degenerate  egg  cell  cytoplasm 
trapped  during  the  development  of  the  filiform  apparatus. 

UA-PbCit.  X  22.850. 
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plastids  are  located  at  the  chalazal  end  (Fig.  30),  while  the  extreme  micropylar 
end  of  the  egg  possesses  mitochondria  and  numerous  cell  wall  ingrowths 

forming  the  filiform  apparatus  (Fig.  31;  Cass  and  Karas,  1974,  Fig  9,  10). 

Elements  of  the  filiform  apparatus  are  located  at  the  base  of  the  egg  cell, 
largely  near  the  junction  between  the  egg  and  megagametophyte  cell  walls  (Fig 
31)  and  consist  of  an  electron-lucent  wall  matrix  with  numerous 
longitudinally-oriented  fibrils  (Fig.  32)  of  polysaccharidic  content  (Fig  35).  Fibrils 
subjected  to  the  TCH-SP  reaction  were  unstained  without  prior  periodic  acid 
oxidation.  Fibrils  of  the  same  structure  are  also  seen  in  the  micropylar  egg  cell 
wall  for  20  to  30  um  above  the  junction  with  the  megagametophyte  wall;  such 
fibrils  are  absent  within  the  mid-lateral  and  chalazal  egg  cell  wall  (Fig.  30,  39, 
40).  Membranous  inclusions  within  the  filiform  apparatus  stain  similarly  to  plasma 
membrane  and  may  represent  isolated  segments  of  cytoplasm  trapped  in  the  cell 
wall  during  its  formation  (Fig.  32.  35). 

The  central  cell  nucleus  is  produced  by  the  fusion  of  polar  nuclei  and  is 
situated  opposite  the  egg  nucleus  (Fig.  29,  30).  Its  cytoplasm  is  largely 

perinuclear  and  is  linked  by  narrow  strands  to  a  thin  layer  of  cytoplasm 
bordering  the  central  cell  (Fig  29).  Accessory  cells  are  attached  to  the  periphery 
of  the  embryo  sac.  Although  these  cells  have  no  obvious  function,  they  may 
persist  for  varible  periods  of  time  during  embryogenesis  without  undergoing 
morphological  alteration.  Typically  the  antipodal  cell  degenerates  prior  to  embryo 
sac  maturity,  while  the  degeneration  of  the  lateral  cells  is  temporally  more 
variable  (Fig  29).  Ultrastructure  of  the  egg  cell  wall  in  the  mid-lateral  and 

chalazal  part  of  the  egg  varies  in  granularity,  with  short  segments  of 

randomly-aligned  fibrillar  material  commonly  observed  (Fig.  29,  39,  40;  Cass  and 
Karas,  1974). 

Entry  and  discharge  of  the  pollen  tube  in  the  megagametophyte 

The  pollen  tube  enters  the  megagametophyte  by  penetrating  the  embryo 
sac  near  the  filiform  apparatus  at  the  base  of  the  egg  (Fig  31,  43)  and 
continues  its  growth  between  the  egg  and  central  cell,  displacing  egg  cell  wall 
material  to  either  side  of  the  pollen  tube  during  its  passage  (Fig.  34.  36).  The 


** 

56 


Fig.  33:  Electron  micrograph  of  pollen  tube  apex  in  physical  contact  with 
nucellar  cells  near  the  micropyle.  The  nucellus  (/Vc)  between  the  micropyle 
and  egg  (£)  is  structurally  modified,  consisting  of  two  to  three  cells  in 
thickness;  surrounding  regions  of  nucellus  vary  from  three  to  over  five 
cell  layers  in  thickness  As  the  pollen  tube  (PT)  approaches  the  embryo 
sac,  the  middle  lamellae  of  intervening  nucellar  cells  within  this  region 
appear  to  break  down  (unlabelled  arrows).  Starch  grains  (s)  are  frequently 
seen  in  the  most  micropylar  nucellar  cells.  UA-PbCit.  X  3080. 


Fig.  34:  Electron  micrograph  of  pollen  tube  penetrating  the  egg  wall  in  a  newly 
fertilized  embryo  sac.  Pollen  tube  (PT)  located  in  and  above  the  region  of 
the  filiform  apparatus  (FA)  has  been  crushed  as  a  consequence  of 
probable  osmotic  changes  encountered  during  chemical  preparation 

(compare  Fig  29  prepared  by  freezing  and  the  use  of  anhydrous 
solvents).  Note  fibrillar  nature  of  the  micropylar  and  lateral  regions  of 
egg  wall  (EW).  Crystals  are  visible  in  the  egg  wall  (arrows)  near  the  the 
embryo  sac  wali  and  nucellus  (A/c).  UA-PbCit  staining.  X  11,750. 


Fig.  35:  Electron  micrograph  of  filiform  apparatus  stained  by  the 
PA-TCH-SP  reaction  using  PA-TCH-SP  reaction.  The  filiform  apparatus 
contains  aligned  structural  fibrils  (arrowheads),  probably  cellulosic  in  nature 
and  unstained  without  prior  PA  oxidation).  Filiform  apparatus  fibrils  are 
oriently  longitudinally  with  respect  to  the  egg  (E)  and  pollen  tube  (PT),  and 
may  provide  structural  support  during  tube  passage.  Numerous  regions  of 
electron-dense  material  probabiy  represent  degenerating  segments  of 
cytoplasm  isolated  during  the  development  of  the  filiform  apparatus. 
PA-TCH-SP  reaction.  X  18,700 
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course  of  the  pollen  tube  above  the  base  of  the  egg  indicates  that  the  tube 
apex  is  either  deflected  or  redirected  at  the  base  of  the  embryo  sac,  and  that 
the  pollen  tube  commonly  diverges  from  the  previous  plane  of  growth  (Fig  36, 
38,  43).  During  continued  growth,  the  pollen  tube  forms  an  arc  which  conforms 
to  the  contour  of  the  egg  cell  for  the  remaining  60  to  70  um  of  pollen  tube 
elongation.  Growth  ceases  when  the  pollen  tube  arrives  at  a  region  of  strong 
curvature  near  the  chalazal  end  of  the  egg,  a  terminal  aperture  fqrms,  and  the 
release  of  pollen  tube  contents  between  the  egg  and  central  cell  begins  (Fig  39, 
42,  43).  During  pollen  tube  discharge,  two  sperms,  a  vegetative  nucleus,  and  a 
limited  amount  of  pollen  cytoplasm  are  quickly  released.  Since  the  male  gametes 
approach  the  tip  of  the  pollen  tube  during  late  stages  of  pollen  tube  growth 
(Chapter  3),  it  is  likely  that  the  male  gametes  are  released  soon  after  pollen  tube 
discharge  is  initiated  and  therefore  relatively  little  pollen  cytoplasm  would  have  to 

be  expelled  in  the  process.  The  occurrence  of  a  relatively  small  amount  of 

pollen  ejecta  is  confirmed  by  observations  of  freeze-substituted  material  (Fig.  43) 
In  physically-fixed  material  apparently  only  the  cytoplasm  released  from  the  pollen 
tube  undergoes  immediate  degeneration;  polien  cytoplasm  within  the  tube  proximal 
to  the  aperture  does  not  appear  to  change  in  structure  or  staining  characteristics 
soon  after  pollen  tube  discharge  has  occurred  (Fig  43,  44).  Within  minutes  of 
aperture  formation,  the  discharged  pollen  cytoplasm  becomes  electron  dense  to 
electron  opaque  (Fig.  39,  40).  The  ground  substance  becomes  osmiophilic  and  is 

highly  stained  in  the  TCH-SP  reaction.  Although  secretory  vesicles  do  not 
themselves  appear  to  degenerate,  they  may  follow  anomalous  fusion  patterns, 
fusing  with  themselves  producing  blocks  of  material  lodging  within  the  tube  (Fig 
40)  or  with  embryo  wall  (Fig.  42),  or  remain  free  within  the  tube  or  outside  of 

it  (Fig.  40).  Mitochondrial  cristae  swell  and  material  at  the  edge  of  the  outer 
mitochondrial  membranes  becomes  dense;  mitochondria  and  organelles  other  than 
vesicles  loose  their  integrity  within  hours  of  discharge  from  the  pollen  tube 
Pollen  tube  and  egg  cell  walls  following  discharge  of  the  pollen  tube 

In  chemically-fixed  materials,  the  discharged  pollen  tube  appears  flattened 
within  the  embryo  sac  and  any  cytoplasm  trapped  within  distal  parts  of  the  tube 
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Fig.  36:  Electron  micrograph  of  longitudinal  section  of  pollen  tube  within  the  base 
of  the  embryo^  sac  near  the  time  of  fertilization.  Entry  of  the  pollen  tube 
into  the  embryo  sac  results  in  several  alterations  in  ovular  and  embryo 
sac  structure;  nucellar  cells  (A tc)  separate  at  the  middle  lamella,  become 

displaced  to  either  side  of  the  pollen  tube  (PT),  and  rapidly  degenerate. 

(This  section  was  fixed  at  about  8.8  hr.  after  pollination,  within  20 
minutes  of  expected  pollen  tube  arrival.)  The  base  of  the  egg  (£)  is 
pushed  inward  at  the  filiform  apparatus  (FA)  by  the  intrusion  of  the 
pollen  tube.  The  structure  of  the  pollen  tube,  which  is  clearly  bilamellate 
above  the  micropyle  (see  arrowheads),  becomes  trilamellate  after  pollen 
tube  penetration  has  occurred.  The  middle  layer  of  the  pollen  tube 
becomes  evident  after  pollen  tube  arrival;  it  consists  of  more  loosely 
organized  fibrils  than  either  of  the  inner  or  outer  layers  of  the  pollen 
tube  and  contains  vesicies  (v)  with  a  related  layer  of  aligned  tubular 
membranous  elements  (seen  in  more  detail  in  Fig.  37).  This  region 

eventually  seals  the  pollen  tube  at  the  base  of  the  egg  and  may  be 

associated  with  the  slower  degeneration  of  pollen  cytoplasm  proximal  to 
this  point.  UA-PbCit  staining.  X  5850. 


Fig.  37:  Electron  micrograph  of  vesicles  and  related  tubular  membranous  elements 
in  the  middle  layer  of  a  pollen  tube.  Note  loosely  organized  fibrils  within 
this  layer  of  the  pollen  tube  wall.  The  structure,  location,  and  rapid 
formation  of  this  region  suggest  that  the  middle  layer  of  the  pollen  tube, 
formed  only  at  the  base  of  the  egg  cell,  may  serve  to  rapidly  seal  the 
base  of  the  embryo  sac  and  structurally  reinforce  this  area.  The  vesicles 
(v)  and  related  tubular  membranes  (arrowheads)  presumably  function  in 
deposition  of  this  wall.  UA-PbCit  staining.  X  13,500. 


Fig.  38:  Electron  micrograph  of  longitudinal  section  of  pollen  tube  at  the  base  of 
the  embryo  sac  near  the  time  of  fertilization.  Elements  of  the  filiform 
apparatus  (FA)  are  clearly  evident  within  the  egg  cell  (E)  and  contain  a 
fibrillar  component  which  is  stained  by  the  PA-TCH-SP  reaction.  Starch 
grains  (s)  and  wall  components  were  densely  stained  by  this  reaction 
when  PA  oxidation  preceded  thiocarbohydrazide  and  silver  proteinate; 
staining  in  the  plasma  membrane  was  evident  without  prior  PA  oxidation 
but  was  enhanced  by  this  treatment.  PA-TCH-SP  reaction.  X  3600. 
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(Fig.  34)  appears  highly  degenerate,  resembling  the  discharged  pollen  cytoplasm 
(Fig.  40,  42).  Organelles,  if  recognizable,  may  appear  degenerate  in  all  regions  of 
the  pollen  tube  where  the  plasma  membrane  is  disrupted  Where  the  plasma 
membrane  is  intact  proximally  in  the  tube  pollen,  cytoplasm  may  appear  nearly 
unaltered  (Fig.  36,  38),  but  likely  undergoes  subsequent  degeneration  during 

embryogeny.  While  it  is  likely  that  these  changes  all  occur  within  a  day  of  pollen 
tube  discharge,  observations  of  material  prepared  by  freeze-substitution  suggest 

that  such  degenerative  changes  occur  much  more  slowly  than  the  chemical 
preparations  would  indicate. 

When  preparations  are  frozen  fixed  at  liquid  nitrogen  temperatures  and 

material  is  dehydrated  by  cold,  non-aqueous  solvents,  the  pollen  tube  remains 

inflated  between  the  egg  and  central  cell,  at  least  until  the  completion  of 

fertilization  (Fig.  44).  The  base  of  the  pollen  tube  becomes  folded  at  the  level  of 
the  filiform  apparatus  near  the  base  of  the  embryo  sac  (Fig.  43)  and  the  free 
passage  of  materials  between  proximal  and  distal  portions  of  the  pollen  tube  is 
partially  blocked.  Pollen  cytoplasm  does  not  appear  to  degenerate  within  the  tube 
at  this  stage,  but  discharged  cytoplasm  stains  densely,  appears  less  highly 

structured,  and  is  probably  highly  degenerate,  as,  apparently,  is  the  vegetative 
nucleus  (Fig  41). 

Near  the  aperture,  the  pollen  tube  is  constructed  of  a  single  layer  which 

is  relatively  constant  in  its  ultrastructural  appearence.  The  pollen  tube  wall 

contains  numerous,  periodate-sensitive,  aligned  fibrils;  these  are  most  conspicuous 
proximal  to  the  pollen  tube  aperture  (Fig  40,  arrows),  and  somewhat  less 
well-organized  near  the  aperture  (Fig.  39,  40).  In  more  proximal  regions, 

particularly  near  the  base  of  the  embryo  sac,  pollen  tube  ultrastructure  becomes 
more  complex  following  pollen  tube  discharge.  In  the  micropyle  and  nucellus,  the 
structure  of  the  pollen  tube  is  bilamellate,  consisting  of  an  outer,  denser  layer  of 
fibrillar  cell  wall  bounding  an  inner  layer  of  slightly  less  dense  material  It  is 
possible  that  a  significant  proportion  of  this  inner  layer  may  be  deposited  soon 
after  pollen  tube  discharge,  when  numeorus  polysaccharide  vesicles  may  be 

present,  but  before  pollen  cytoplasm  degenerates.  An  intermediate  layer  which 


•  •  -  *  I 


62 


forms  between  these  two  layers  at  the  base  of  the  egg  contains  loosely-packed 
fibrils  within  an  electron-lucent  matrix,  numerous  vesicles,  and  numerous  tubular 
membrane  systems  associated  with  the  vesicles  (Fig  36,  37).  The  ultrastructural 
appearance  of  this  region  is  modified  rapidly  near  the  time  of  fertilization  and 

may  effectively  seal  this  region  from  the  distal  part  of  the  pollen  tube  soon 
after  fertilization.  The  pollen  tube  wall  becomes  an  integral  part  of  the  base  of 
the  embryo  at  later  stages  and  may  provide  some  structural  strengthening  of  the 
micropylar  nucellus.  Remnants  of  the  pollen  tube  in  the  micropyle  within  the 

outer  wall  of  the  massive  suspensor  have  been  observed  with  the  light 
microscope  throughout  early  embryogeny  to  the  time  of  cotyledon  initiation  and 
do  not  appear  to  undergo  extensive  breakdown.  The  coalescence  of  pollen  tube 
vesicles  following  pollen  tube  discharge  is  frequent,  but  apparently  does  not 
contribute  to  the  formation  of  an  organized,  continuous  cell  wall  (Fig.  42). 

The  chalazal  egg  ceil  wall  contains  periodate-sensitive,  loosely-packed 

fibrils,  with  an  electron-lucent  background  component,  which  differs  in 
appearance  from  those  walls  of  pollen  tube  origin  (Fig.  39,  40).  Near  the  region 
of  the  pollen  tube  aperture,  egg  cell  wall  components  are  often  present  as 
vesicles  or  clumps  of  material  adhering  to  the  plasma  membranes  of  the  egg 
and  central  cell  (Fig.  39,  40,  arrowheads).  The  region  most  likely  to  directly 
participate  in  transference  of  the  sperm  nuclei  to  the  female  cells,  namely  that 

region  of  the  embryo  sac  nearest  the  pollen  tube  aperture,  has  few  areas  of 
intact  cell  wall  (Fig.  39,  42,  44)  and  may  therefore  not  be  expected  to  interfere 
with  processes  of  membrane  recognition  and  fusion  which  may  occur  during 
subsequent  gamete  fusion. 

Identification  and  fate  of  the  vegetative  nucleus  in  the  megagametophyte 

Following  pollen  tube  discharge,  a  single  body  resembling  an  X-body 
(sensu  Fisher  and  Jensen,  1969)  is  observed  between  the  egg  and  central  cell,  at 
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Fig.  39:  Electron  micrograph  of  pollen  tube  aperture  in  longitudinal  section  shortly 
after  discharge  stained  by  the  TCH-SP  reaction  without  prior  PA 
oxidation.  Both  halves  of  pollen  tube  wall  ( PTW )  are  visible,  the  pore  is 
located  on  the  left  side  of  the  figure  and  is  distinguished  by  the 
continuity  of  degenerating  pollen  cytoplasm  through  the  aperture  (arrows). 
Material  discharged  from  the  pollen  tube  is  located  within  the  region 
between  the  plasma  membranes  of  the  egg  (£)  and  central  cell  (CC). 
Degenerating  pollen  cytoplasm  is  osmiophilic  (as  observed  in  unstained 
material)  and  stains  densely  in  the  TCH-SP  reaction  regardless  of  prior 
PA  oxidation  Remnant  areas  of  egg  cell  wall  are  appressed  to  the 
plasma  membranes  of  the  egg  and  central  cells  (arrowheads).  Regions  of 
egg  cell  wall  in  the  immediate  vicinity  of  the  pollen  tube  aperture  are 
rare  and  appear  disrupted,  a  probable  result  of  the  arrival  and  discharge 
of  the  pollen  tube.  Degenerating  mitochondria  (M)  in  this  figure  are 

located  within  pollen  cytoplasm  near  the  aperture  and  just  beyond  it. 

KO-TCH-SP  reaction.  X  36,400. 


Fig.  40:  Electron  micrograph  of  a  pollen  tube  within  the  embryo  sac  stained  by 
the  PA-TCH-SP  reaction  by  use  of  the  PA-TCH-SP  reaction.  Section  is 
serial  to  that  shown  in  Fig.  39,  but  several  micrometers  proximal  to  the 
pollen  tube  aperture.  Fibrillar  structure  visible  within  proximal  regions  of 
the  pollen  tube  (arrows)  becomes  random  nearer  the  aperture  (at  the  left 
side  of  the  figure).  Areas  of  egg  cell  wall  (arrowheads)  are  visible 
adhering  to  the  egg  and  central  cell  plasma  membranes  and  are 
distinguished  by  their"  characteristically  loosely-organized  dense  fibrils  and 
their  transparent  surrounding  material.  PA-TCH-SP  reaction.  X  33,400. 
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Fig.  41:  Electron  micrograph  of  discharged  vegetative  nucleus  between  egg  and 
central  cell  near  the  time  of  pollen  tube  discharge.  Vegetative  nucleus 
(t/A/l  rapidly  degenerates  following  discharge  and  is  surrounded  by 
degenerating  pollen  cytoplasm  [d  PC).  Compare  this  figure  to  Fig.  44, 
65-67  for  typical  location  of  the  vegetative  nucleus  relative  to  other 
cells  within  the  embryo  sac.  UA-PbCit  staining.  X  10,400. 


Fig.  42:  Electron  micrograph  of  pollen  tube  aperture  one  day  after  fertilization. 

The  location  of  the  pollen  tube  ( PT ),  between  the  suspensor  (S)  and 
endosperm  [En]  is  unchanged  during  later  embryogeny.  The  coalescence  of 
discharged  secretory  vesicles  forms  an  irregular  wall  layer  (arrow)  beyond 
the  aperture  of  the  pollen  tube  (arrowheads).  Eight-celled  embryo  stage. 
UA-PbCit  staining.  X  17,200. 
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Figs.  43  and  44:  Color  photomicrographs  of  2  urn  thick  plastic  sections  of  a 

freeze -substituted  ovule  stained  with  Periodic  acid-Schiff  s  reaction  (PAS) 
insoluble  carbohydrates  (pinkish  to  red  color),  and  aniline  blue  black  for 
proteins  (bluish  colors).  X  1600. 


Fiq.  43:  Nomarski  differential  interference  contrast  micrograph  of  median  section 

of  the  base  of  a  freeze-substituted  ovule  near  the  time  of  nuclear 
fusion.  Inflated  portion  of  pollen  tube  (PT)  in  a  thick  section  of  the  same 

ovule  as  displayed  in  Fig  44,  approx.  2  um  away  Partial  occlusion  o 

the  pollen  tube  at  the  base  of  the  egg  (£)  is  visible  at  the  tip  of  tie 
unlabeled  arrowhead,  near  the  egg  cell  wall  projections  forming  tie 

filiform  apparatus  (FA).  Nc  nucellus. 


Fiq.  44:  Nomarski  differential  interference  contrast  micrograph  of  median  section 
of  a  freeze-substituted  ovule  near  the  time  of  nuclear  fusion.  Remains  of 
the  sperm  nuclei  (uniabeled  arrowheads)  are  visible  after  fusion  with  the 
central  cell  nucleus  (PN\  and  near  the  time  of  fusion  with  the  egg 
nucleus  (EN).  The  membrane  of  the  sperm  nucleus  fusing  with  that  of  tne 
600  is  visiblG  in  3  diff6rent  opticsl  plsns  of  this  s©ction  (ins©t)  3no 
indicates  that  nuclear  fusion  has  yet  to  be  completed  in  the  egg  Nuclear 
fusion  appears  to  be  initiated  at  the  edge  of  the  egg  nucleus  nearest  the 
pollen  tube  aperture  (uniabeled  arrows)  in  the  egg  and,  similarly,  at  tne 
nearest  face  of  the  secondary  nucleus  in  relation  to  the  pollen  tube 
within  the  central  cell.  This  indicates  that  nuclei  probably  follow  a  direct 

route  in  approaching  both  of  the  female  nuclei  unlike  the  proposed 

pathway  in  cotton,  for  which  is  proposed  that  a  direct  pathway  is 
followed  by  the  sperm  nucleus  prior  to  the  formation  of  the  primary 
endosperm  nucleus,  but  a  circumferential  pattern  of  sperm  nucleus 
movement  in  the  egg  cel!  (Jensen,  1973).  The  vegetative  nucleus  (VN)  is 
visible  between  the  egg  (£)  and  endosperm  ( En )  in  this  embryo  sac,  in  its 
characteristic  position,  between  the  two  female  reproductive  nuclei.  Egg 

cell  wall,  which  is  continuous  prior  to  arrival  and  discharge  of  the  pollen 
tube  appears  disrupted  near  the  aperture  of  the  pollen  tube.  (Pinkish 
tinge  near  the  edge  of  the  egg  cytoplasm  near  the  nucleus  is  an 

interference  artifact  and  does  not  appear  stained  in  PAS  under  brightneld 

microscopy). 
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Fig.  45:  Reconstruction  of  pollen  tube  arrival,  tube  discharge,  and  subsequent 
fertilization  in  P.  zey/anica  based  on  chemically  and  physically  fixed 
preparations.  The  pollen  tube  (PT)  enters  the  ovule  through  a  micropyle 
formed  by  the  inner  integument  (//),  passes  between  several  nucellar  cells 
(Nc),  penetrates  the  embryo  sac  through  the  filiform  apparatus  at  the 
base  of  the  egg  (£)  and  completes  growth  between  the  egg  and  the 

central  cell  [CC),  forming  a  terminal  aperture  near  a  region  of  strong 

curvature  in  the  side  of  the  egg.  Discharge  of  the  pollen  tube  results  in 
the  release  of  two  male  gametes,  vegetative  nucleus,  and  a  limited 
amount  of  pollen  cytoplasm  between  these  two  cells.  The  sperm  nuclei 

come  to  fuse  with  the  central  cell  and  egg  nuclei,  respectively, 
(arrowheads)  and  the  vegetative  nucleus  (VN)  remains  lodged  between  the 
egg  and  central  cell.  Approximately  X  800. 


(Reconstruction  was  based  on  fertilization  events  documented  in  Figs.  43  and  44 
for  events  of  pollen  tube-embryo  sac  interaction,  and  on  embryo  sac  shown  in 
Fig.  30  for  morphology  of  female  reproductive  nuclei,  nucleoli,  and  nucellar  cell 
patterns.) 
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largely  based  on  its  affinity  for  aniline  blue-black,  its  positive  reaction  to  the 
Feulgen  stain,  and  its  size  and  location  between  the  egg  and  central  cell  within 
the  embryo  sac.  The  presence  of  only  one  such  body  resembling  the  classically- 
described  'X-bodies'  is  consistent  with  the  absence  of  synergids,  which  in 

normal  flowering  plants,  is  considered  to  account  for  the  origin  of  the  second 

X-body  (Fisher  and  Jensen,  1969). 

C.  Discussion 

Electron  microscopic  studies  have  revealed  a  single,  consistent  pathway  by 
which  pollen  tubes  enter  the  embryo  sac  of  angiosperms  possessing  synergids. 
The  pollen  tube  penetrates  a  single  synergid  which  begins  to  degenerate  before, 

during,  or  soon  after  pollen  tube  arrival  (Jensen,  1973;  Mogensen,  1978).  The 
embryo  sac  of  Plumbago,  lacking  synergids,  has  revealed  an  alternative  to  this 

mode  of  pollen  tube  penetration  The  pollen  tube  initially  emerges  from  the 
thick-walled  cells  of  the  transmitting  tissue,  directly  entering  the  ovule  of  P. 
zeylanica  through  a  micropyle  formed  by  the  inner  integument  (Fig.  45). 

Displacing  several  intervening  nucellar  cells  between  the  inside  of  the  micropyle 
and  the  embryo  sac,  the  pollen  tube  penetrates  the  embryo  sac  through  egg  cell 
wall  ingrowths  of  the  filiform  apparatus  at  the  most  micropylar  region  of  the 

egg.  Pollen  tube  growth  continues  and  is  completed  in  the  intercellular  space 
between  the  egg  and  central  cell,  terminating  near  a  region  of  sharp  curvature 

of  the  egg,  70  to  80  um  deep  into  the  embryo  sac.  A  terminal  aperture  is 
formed  at  this  time,  and  the  vegetative  nucleus,  two  sperm  cells  and  a  limited 

amount  of  pollen  cytoplasm  are  released  between  the  egg  and  central  cell  plasma 
membranes.  Degeneration  of  the  discharged  pollen  cytoplasm  and  vegetative 

nucleus  rapidly  ensues  and  is  initiated  prior  to  gamete  fusion  (Chapter  6). 

The  entry  of  the  pollen  tube  into  the  embryo  sac  is  unassociated  with  the 
degeneration  of  any  receptor  cell  within  the  female  gametophyte;  however,  an 

extramural  region  of  degeneration  is  clearly  delimited  by  the  egg  and  central  cell 
plasma  membranes.  In  freeze-substituted  material,  degeneration  is  initially  limited  to 
material  ejected  from  the  pollen  tube  -  an  observation  w'hich  strongly  suggests 
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that  the  stimulus  for  cytoplasmic  degeneration  originates  in  the  embryo  sac,  and 
competence  for  response  resides  between  the  egg  and  central  cell.  No 

degenerate  material  apparently  related  to  the  fertilization  process  was  observed 
within  either  of  these  two  cells  following  gamete  fusion.  The  discharged 

vegetative  nucleus,  which  is  initially  located  near  the  tip  of  the  pollen  tube, 
comes  to  iie  near  the  summit  of  the  egg,  and  may  become  lodged  between  the 
nuclei  of  both  the  egg  and  central  cell.  Its  size,  location  (ie.,  in  discharged  pollen 
cytoplasm  between  cells  in  the  embryo  sac),  and  protein  content  corroborate  the 
identification  of  this  structure  shown  in  Fig.  41  as  the  discharged  vegetative 
nucleus. 

Following  the  completion  of  pollen  tube  discharge,  the  delivery  of  male 

gametes  into  the  embryo  sac,  and  possibly  simultaneously  with  gametic 
transmission  into  cells  of  the  female  gametophyte,  the  base  of  the  pollen  tube  is 
sealed  by  intensive  wall  synthesis  at  a  location  near  the  base  of  the  embryo  sac. 

The  pollen  tube,  which  is  bilamellate  prior  to  pollen  tube  arrival,  develops  a  third, 

intermediate  layer  after  polien  tube  arrival,  quickly  generating  numerous  vesicles 
and  a  thick,  loosely  fibrillar  cell  wall.  This  layer  appears  to  originate  soon  after 
pollen  tube  arrival  and  results  in  at  least  partial  occlusion  of  the  pollen  tube 
within  the  time  required  for  nuclear  fusion  to  begin  in  both  chemically  and 
physically  fixed  preparations  (see  Table  6,  for  a  timetable  of  fertilization  events). 
In  chemically  fixed  material  of  this  developmental  stage,  the  pollen  tube  often 
appeared  collapsed,  sealing  the  base  of  the  embryo  sac.  This  phenomenon, 
probably  partially  induced  by  a  pressure  surge  from  the  embryo  sac  during 
chemical  fixation  and  the  hydration  of  the  intermediate  layer,  was  not  as  evident 
in  tissues  prepared  by  use  of  freeze  substitution.  At  later  stages,  this  region  of 

cell  wall  completely  occludes  the  pollen  tube  at  the  base  of  the  egg.  and  forms 
a  structure  analagous  (at  least  in  function)  to  the  "plug'  described  by  Jensen  and 
Fisher  (1968a)  and  van  Went  (1970). 

The  embryo  sac  of  Plumbago  zeylanica  should  be  regarded  as  exhibiting 

a  highly  specialized  and  reduced  egg  apparatus  consisting  of  a  single,  modified 

egg  cell.  When  compared  to  the  typical  egg  apparatus  (Jensen,  1973),  the 
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ultrastructural  organization  of  the  egg  of  P.  zeylanica  bears  a  striking 
resemblance  to  that  of  a  synergic!  (Cass  and  Karas,  1974).  The  presence  of  a 

filiform  apparatus,  the  ultrastructural  appearance  of  a  physiologically  active  cell, 
and  the  extreme  micropylar  position  of  the  egg  are  all  bases  for  comparing  the 
egg  of  Plumbago  with  a  synergid  (Cass,  1972;  Cass  and  Karas,  1974).  The 
course  of  pollen  tube  entry  into  the  embryo  sac  through  the  filiform  apparatus 
at  the  base  of  the^.egg  and  that  the  egg  provides  a  specific  location  for  pollen 
tube  discharge  and  gamete  fusion  reinforce  these  similarities.  Major  differences 
between  this  egg  and  a  synergid  include:  1)  the  egg  of  Plumbago  does  not 

directly  receive  the  pollen  tube;  2)  there  is  no  visible  alteration  of  egg  cytoplasm 

required  for  pollen  tube  growth  or  discharge,  or  for  passage  of  sperm  nuclei; 
3)  the  egg  functions  as  a  gamete  and  gives  rise  to  a  normal  embryo  The 

important  functions  of  an  egg  apparatus,  namely  receiving  the  pollen  tube  and 

serving  as  depositional  site  for  two  sperm  cells,  are  relegated  to  an  intercellular 
location  in  P.  zeylanica.  The  absence  of  recognizable  degenerative  changes  in  the 
egg  of  P.  zeylanica  contrasts  with  the  system  reported  in  the  majority  of 

conventional  embryo  sacs  where  synergid  degeneration  precedes,  accompanies,  or 
follows  pollen  tube  penetration  into  the  embryo  sac  (Jensen,  1973). 

The  precise  role,  if  any,  of  synergid  degeneration  in  conventional  embryo 

sacs  is  unknown,  but  in  P.  zeylanica  degenerative  changes  in  pollen  cytoplasm 

appear  to  be  restricted  to  that  cytoplasm  which  is  discharged  between  the  egg 

and  central  cell  in  physically-prepared  material.  While  numerous  concepts  concern 
the  importance  of  synergid  degeneration  in  determining  the  receptive  synergid 
prior  to  pollen  tube  penetration  (van  der  Pluijm,  1964;  Jensen  and  Fisher,  1968a), 
it  is  by  no  means  evident  that  cellular  degeneration,  per  se,  is  required  for 

successful  pollen  tube  penetration  Cases  where  visible  synergid  degeneration 
does  not  occur  (van  Went,  1970)  or  where  it  is  technique-dependent  (Fisher  and 
Jensen,  1969)  would  indicate  that  the  important  events  relating  to  the  identity  of 
the  receptive  synergid  are  determined  chemically  and  may  not  always  be 
morphologically  expressed  until  the  arrival  of  the  pollen  tube  cellular 
degeneration  of  female  gametophyte  cells  does  not  appear  to  play  an  important 


74 


role  in  determining  the  course  of  ultimate  pollen  tube  growth  in  P.  zeylanica. 
The  alternative  possibility  that  cytoplasmic  degeneration  accompanying  pollen  tube 
discharge  may  serve  a  role  in  modification  of  the  male  gamete  and  the  site  of 
gametic  transmission  prior  to  gamete  arrival  (Mogensen,  1978),  is  supported  by 
the  present  data,  and  suggests  that  synergid  degeneration  events  may  also 
provide  an  integral  feature  in  preparing  gametes  and  cells  of  the  embryo  sac  for 
the  presumably  transient  conditions  of  receptivity  which  may  occur  prior  to 
successful  gamete  fusion  in  angiosperms. 


VI.  Fertilization:  Gamete  Fusion  and  Fate  of  the  Male  Cytoplasm 


A.  Introduction 

In  flowering  plants,  the  concept  that  male  gametes  are  deposited  in  the 
embryo  sac  through  a  single  receptive  synergid  is  implied  by  the  presence  of 
the  pollen  tube  and  its  discharged  cytoplasm  within  that  synergid  (Jensen,  1973). 
Although  the  transitory  presence  of  the  sperm  cells  in  the  synergid  has  been 
documented  in  several  instances  (Cass  and  Jensen,  1970;  Cocucci  and  diFulvio, 
1969;  Wilms,  1981),  ideas  concerning  the  transmission  of  male  cytoplasm  - 
particularly  the  extent,  symmetry,  and  mechanism  of  transmission  -  have  remained 
largely  controversial  (Jensen  and  Fisher,  1967,  1968a;  Fisher  and  Jensen,  1969; 
Wilms,  1981).  The  transmission  of  heritable  cytoplasmic  organelles  by  the  male 
gametophyte  was  proposed  in  the  early  1900  s  (Baur,  1909.  Correns,  1909).  In 
these  and  later  studies,  the  evidence  for  male  cytoplasmic  transmission  and  the 
inheritance  of  characteristics  of  the  male  cytoplasm  in  subsequent  generations  has 
been  convincing  (Grun,  1976;  Gillham,  1978),  but  these  studies  alone  present 
insufficient  evidence  on  which  to  establish  whether  incorporated  organelles 
originate  from  the  sperm,  vegetative  cell  (pollen  tube),  or  both.  Morphological 
evidence,  first  attempted  by  light  microscopy  of  paraffin-embedded  sections 
(Wylie,  1941)  and  later  by  electron  microscopy  (Meyer  and  Stubbe,  1974),  has 
been  unable  to  resoive  these  basic  questions  to  date.  Since  the  presence  of 
disorganized  and  densely-stained  synergid  cytoplasm  has  •  often  interfered  with 
such  observations,  it  has  recently  been  proposed  that  examination  of  these 
processes  in  flowering  plants  that  lack  synergids  may  play  a  rcle  in  resolving 
this  controversy  (Russell,  1980). 

The  mechanism  by  which  gametic  nuclei  are  transmitted  to  the  egg  and 
central  cell  is  still  largely  unknown;  however,  if  transmission  occurs  by  cellular 
fusion,  extra-nuclear  components  of  the  male  gametes  will  be  transmitted  into 
cells  of  the  female  gametophyte  and  their  detection  should  be  possible  soon 
after  the  arrival  of  sperm  nuclei  into  the  egg  and  central  cell  The  problems 
associated  with  visualizing  the  crucial  stages  and  identifying  morpnologica 
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differences  between  organelles  of  different  cellular  origin  have  been  largely 
resolved  in  the  present  study  of  fertilization  in  Plumbago  zeylanica  and 
contribute  structural  information  to  the  process  of  gamete  fusion  in  flowering 
plants.  The  present  study  outlines  the  condition  of  the  male  gametes  after  their 
discharge  into  the  embryo  sac  and  proposes  a  sequence  of  events  during 
gamete  fusion  which  terminate  in  the  transmission  of  heritable  cytoplasmic 
organelles  of  the  male  gamete  into  the  egg  and  central  cell. 

B.  Observations 

An  aperture  forms  at  the  tip  of  the  pollen  tube  soon  after  its  arrival 
within  the  embryo  sac  and  results  in  the  discharge  of  the  pollen  tube  and  the 

release  of  the  vegetative  nucleus,  some  pollen  tube  cytoplasm,  and  the  two  male 
gametes  (Chapter  5).  Regardless  of  the  preparative  technique  used,  the  discharged 
pollen  cytoplasm  appears  to  begin  degraaative  changes  soon  after  it  is  injected 
into  the  intercellular  space  between  the  egg  and  central  cell.  Released  pollen  tube 
organelles  appear  to  degenerate  rapidly.  The  vegetative  nucleus  is  situated 

between  the  egg  and  central  cell  and  gradually  approaches  the  chalazal  part  of 
this  region.  Discharged  pollen  cytoplasm  continues  to  degenerate  following  gamete 
fusion,  but  undergoes  less  rapid  alteration  after  fertilization.  Even  as  late  as 
several  days  after  the  arrival  of  the  pollen  tube  it  may  be  possible  to  distinguish 
the  pollen  tube  wall  between  the  suspensor  and  the  endosperm  cells  and  the 
degenerating  remains  of  the  pollen  cytoplasm  and  vegetative  nucleus. 

Sperm  cells  in  the  megagametophyte  before  gamete  fusion 

The  transitory  nature  of  developmental  stages  between  gamete  discharge 
and  fusion  is  clearly  suggested  by  the  rarity  of  such  reports  in  the  literature 
(most  recently,  Cass  and  Jensen,  1970;  Cocucci  and  diFulvio,  1969;  Wilms, 
1981);  in  the  present  study,  one  megagametophyte  observed  displayed  these 
stages  (Fig.  46-51;  Table  6).  In  this  series,  it  is  evident  that  the  two  male 
gametes  remain  near  the  pollen  tube  aperture,  and  become  tightly  appressed 
against  the  egg  and  central  cell  plasma  membranes,  surrounded  by  discharged, 
degenerating  pollen  cytoplasm  on  their  remaining  faces  (Fig  46,  47)  ihe  two 


Fig.  46:  Nomarski  interference  contrast  micrograph  of  an  unfused  sperm  cell 
between  the  egg  and  central  celi  in  transection  of  megagametophyte 
Sperm  cell  with  nucleus  and  nucleolus  evident  is  indicated  by  unlabeled 
arrowheads  The  more  proximal  sperm  cel!  discharged  into  this  embryo 
sac  is  shown  in  Fig  47.  CC  central  cell;  E  egg;  Nc  nucellus;  PT  pollen 
tube.  (Electron  micrographs  of  this  sperm  shown  in  Fig.  50.  51.) 

Unstained.  X  2575. 


Fig.  47:  Nomarski  interference  contrast  micrograph  of  unfused  sperm  cell  between 
the  egg  and  central  cell  in  a  section  several  micrometers  proximal  to  Fig. 
46.  Pollen  tube  is  curved  at  this  level  and  has  become  crushed  during 
chemical  preparation.  Differences  in  the  shape  of  the  region  between  egg 
and  central  cell  are  evident  between  this  and  the  previous  figure. 
(Electron  micrographs  of  this  sperm  shown  in  Fig.  48,  49.) 

Unstained.  X  2575. 


Fig.  48:  Electron  micrograph  of  unfused  sperm  cell  between  the  egg  and  central 
cell  shown  in  Fig.  47.  Sperm  nucleus  (SN),  located  centrally  within  the 
sperm  cytoplasm,  is  visible  The  cellular  nature  of  the  sperm  is  clearly 
evident  in  the  unfused  male  gamete  soon  after  pollen  tube  discharge, 
although  gametes  are  delimited  by  a  single  membrane  rather  than  two,  as 
before  pollen  tube  arrival.  Discharged  material  (including  the  sperms,  pollen 
tube,  pollen  cytoplasm,  and  vegetative  nucleus)  are  restricted  to  the 
intercellular  region  between  the  egg  and  central  cell;  these  objects  are 
not  seen  within  cells  of  the  female  gametophyte  except  when  fusion  has 
occurred  and  then  only  nuclei  and  cytoplasmic  organelles  originating  in  the 
sperm  cells  have  been  identified.  UA~ PbCit  staining.  X  4350. 
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sperms  are  clearly  cellular  at  this  stage.  The  two  sperms  remain  closely 
associated  after  their  expulsion  from  the  pollen  tube  and  are  separate  cells,  each 
surrounded  by  a  single  plasma  membrane.  At  the  electron  microscopic  level,  the 

general  cytology  of  sperm  at  this  stage  resembles  that  of  sperm  within  the 

pollen  grain  and  tube  as  described  in  a  previous  chapter.  Possibly  these  two 

cells  remain  linked  by  plasmodesmata  as  in  the  pollen  grain  and  growing  tube 
(Fig.  27);  however,  this  connection  would  presumably  be  disrupted  near  the  time 
of  gamete  discharge  or  before  gamete  fusion. 

The  prefusion  sperm  cytoplasm  is  dominated  by  a  nucleus  with  a 
prominent  nucleolus,  and  contains  a  number  of  organelles  which,  by  their 

ultrastructural  appearance,  seem  to  remain  viable.  Mitochondria  are  numerous 

within  one  cell,  spherical  to  elongate,  and  approximately  0.2  um  wide  and  up  to 
0.5  to  0.7  um  long  (Fig.  49).  Plastids,  up  to  1.5  um  long  with  dense  stromata, 
are  similar  to  those  described  within  the  pollen  grain  and  growing  pollen  tube 
The  overall  ground  cytoplasm  of  sperms  appears  overall  somewhat  less  electron 
dense  than  that  of  the  surrounding  egg  and  central  cell  (Fig  49-51). 

The  two  sperms  are  delimited  by  the  sperm  plasma  membrane,  but  lack 

the  surrounding  inner  vegetative  cell  plasma  membrane  observed  throughout  pollen 
grain  maturation  and  as  late  as  pollen  tube  penetration  of  the  nucellar  tissues 

Following  discharge,  some  parts  of  the  sperm  plasma  membrane  appear  directly 
appressed  to  the  plasma  membranes  of  the  egg  and  central  cell.  The  loose, 
non-fibrillar  cell  wall  observed  at  previous  stages  (see  previous  chapter)  is 
apparently  removed  from  the  sperm  surface  with  the  removal  of  the  vegetative 
cell  membrane.  The  junction  between  the  sperm  and  the  egg  and  central  cell 
varies  from  0.02  um  to  0.07  um  (Fig.  50)  depending  on  random  variations  and 
the  presence  of  parts  of  the  pollen  cytoplasm  lodged  between  the  sperm  cell 
and  either  of  the  female  reproductive  cells.  At  the  perimeter  of  this  junction 
with  the  sperm  cells,  microtubules  within  the  egg  and  central  cell  may  be 
observed  oriented  longitudinally  with  respect  to  the  polarity  of  the  embryo  sac 
(Fig  50).  These  microtubules  frequently  appear  attached  to  the  egg  or  central  cell 
plasma  membranes  (as  in  Fig.  12,  Cass  and  Karas,  1974),  and  may  to  some 


' 


Fig.  49:  Electron  micrograph  of  unfused  sperm  cell  between  the  egg  and  central 
cell  near  the  time  of  gamete  delivery.  Sperm  cytoplasm  contains  the 
normal  complement  of  organelles,  including  the  nucleus  iS/Vi  and  numerous 
mitochondria  (M  and  unlabelled  arrowheads).  The  sperm  is  delimited  by  a 
single  membrane  Pollen  tube  (PT )  visible  to  the  right  of  the  sperm  cell 
UA-PbCit  staining  X  7900. 


Fig.  50:  Electron  micrograph  of  junction  between  unfused  sperm  cell  and  central 
cell  after  gamete  discharge  showing  the  tightly  appressed  plasma 
membranes  of  the  sperm  (S)  and  central  cell  (CC).  Microtubuies  located  in 
female  gametophyte  (unlabelled  arrowheads)  may  contribute  to  maintaining 
the  conformation  of  sperm  and  female  gametophyte  cells  during  gamete 
delivery  and  fusion.  UA-PbCit  staining  X  24,950. 


Fig  5V  Electron  micrograph  of  unfused  sperm,  associated  pollen  cytoplasm,  and 
pollen  tube  after  gamete  discharge.  Degenerating  discharged  pollen 

cytoplasm  with  rapidly  disorganizing  mitochondria  indicated  (M),  is  visible 
between  the  sperm  cell  and  pollent  tube  (PT)  The  pollen  tube  aperture  is 
located  several  micrometers  from  this  site.  S/V  sperm  nucleus.  UA  PbCit 
staining  X  22,150 
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extent  aid  in  determining  the  conformation  of  the  egg-sperm-central  cell 
relationship. 

Male  gametes  within  egg  and  central  cell  subsequent  to  gamete  fusion 

Sperm  nuclei  pass  into  the  cytoplasms  of  egg  and  central  cell  soon  after 
the  arrival  of  male  gametes  within  the  embryo  sac  (see  Table  6).  As  the  location 
of  the  unfused  sperm  would  indicate,  the  entry  of  sperm  cells  likely  occurs  near 
the  site  of  their  deposition,  just  beyond  the  tip  of  the  pollen  tube  (Fig.  56).  At 
this  stage,  the  two  sperm  nuclei  remain  oriented  in  a  linear  fashion  and  the 
vegetative  nucleus  is  located  just  beyond  the  distal  sperm  nucleus  (Fig.  63-65). 
The  sperm  nuclei  at  this  stage  are  typically  separated  from  the  egg  and  central 
cell  nuclei  by  25  and  17  urn,  respectively  (Fig  52),  but  this  distance  is  quickly 
reduced  during  the  ensuing  10  minutes  (see  Table  6).  The  sperm  nucleus  destined 
to  fuse  with  that  of  the  egg  cell  is  shown  in  Figures  52,  53  and  57,  while  the 
sperm  nucleus  which  will  fuse  with  that  of  the  central  cell  is  seen  in  Figures 
54-56. 

Sperm  nuclei  appear  approach  the  female  nuclei  by  the  most  direct  route, 
with  subsequent  nuclear  fusion  consistently  occurring  on  the  face  of  the  egg  or 
central  cell  nucleus  nearest  the  site  of  gametic  deposition  and  pollen  tube 
discharge  (Fig.  63-65).  The  events  of  subsequent  nuclear  fusion  appear  to  be 
identical  to  those  described  in  other  angiosperm  taxa  (Jensen,  1964;  Jensen  and 
Fisher,  1970;  Schulz  and  Jensen,  1977). 

Sperm  membranes  following  gamete  fusion;  modifications  of  egg-central  cell 
wall 

When  sections  are  subjected  to  the  PA-TCH-SP  reaction,  the  plasma 
membrane  of  the  egg  and  central  cell  (or  certain  components  associated  with  it) 
are  intensely  stained.  While  endoplasmic  reticulum  and  mitochondrial  membranes 
are  also  stained  somewhat  by  the  reaction  (with  or  without  PA  in  0s04  fixed 
material),  the  only  membranes  stained  as  densely  as  the  plasma  membranes  are 
those  of  the  plastids  and  a  membrane  system  of  unknown  origin  located  within 
five  micrometers  of  the  sperm  nucleus  in  the  central  cell  (Fig  54.  55).  This 
membrane  system  of  unidentified  origin  is  known  to  be  absent  prior  to  gamete 
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52-  Low  magnification  electron  micrograph  of  an  embryo  sac  soon  after 
gamete  fusion  showing  egg  nucleus  and  sperm  nucleus  within  the  egg 
Other  sections  of  the  same  embryo  sac  are  shown  in  Figs^  o/. 

Sperm  nucleus  (S A/,)  within  the  egg  is  flanked  by  plastids  morphologically 
similar  to  those  of  the  sperm  cell  (Fig  53,  58).  Electron-opaque  material 

between  the  egg  (£)  and  central  cell  (CC)  represents  the  discharged, 
degenerate  pollen  cytoplasm.  The  central  cell  nucleus  is  located  opposite 
the  eqq  nucleus  (EN)  in  other  sections.  The  sperm  nucleus  which  entered 

the  central  cell  (SN2)  is  located  (in  another  plane  of  section)  next  to  the 
pollen  gram  aperture,  5  to  7  urn  proximal  to  the  sperm  nucleus  illustrated 
here  The  vegetative  nucleus  is  located  (>  7  um  away)  in  the  distal 

degenerate  "pollen  cytoplasm  indicated  by  an  arrowhead 
UA-PbCit  staining.  X  1720. 


53-  Electron  micrograph  of  an  unfused  sperm  nucleus  in  the  egg  flanked  by 
two  plastids  of  paternal  origin.  The  sperm  nucleus  visible  here  is  within 
micrometers  of  the  site  of  gamete  fusion,  soon  after  gamete  fusion. 
Two  plastids  ( Ps )  at  the  edge  of  the  nucleus  are  morphologically  similar 
to  plastids  known  to  originate  in  the  male  gamete  (Fig.  08).  Plastids 
flankinq  the  unfused  sperm  nucleus  have  dense  stromata,  electron  lucent 
regions  without  starch  grains,  numerous  plastoglobuli,  poorly  developed 
internal  membrane  systems,  and  occasionally  (in  uranium-lead  stained 
preparations)  paracrystalline  bodies  are  visible.  Discharged  pollen  cytoplasm 
and  disrupted  egg  cell  wall  are  evident  between  the  egg  and  central  cell. 
Small  area  of  aarkly  staining  membranes  (arrowhead)  is  present  near  tne 
edge  of  the  unfused  sperm  nucleus.  H20-TCH-SP  reaction.  X  17,550. 
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Fig.  54:  Electron  micrograph  of  unfused  sperm  nucleus  within  the  central  cell 
soon  after  gametic  fusion  This  section  was  subjected  to  the  TCH-SP 
reaction  without  prior  PA  oxidation.  See  serial  section  Fig  55  for  labels 
and  TCH-SP  reaction  with  PA  oxidation.  H20-TCH-SP  reaction.  X  37,400. 


Fig.  55:  Electron  micrograph  of  unfused  sperm  nucleus  within  the  central  cell 
stained  by  the  PA-TCH-SP  reaction  soon  after  gametic  fusion.  This 
section  subjected  to  PA-TCH-SP  reaction  and  photographically  processed 
under  the  same  conditions  as  the  control  (Fig  54,  without  PA  oxidation). 
Sperm  nucleus  (S/V2)  located  within  the  central  cell  (CC)  is  flanked  by 
small  mitochondia  similar  in  size  and  morphology  to  those  within  the  male 
gametes  prior  to  fusion.  The  larger  mitochondrion  nearby  probably 
represents  one  of  the  larger  mitochondria  of  the  central  cell  ( Mcc ).  Note 
density  of  staining  reaction  of  egg  and  central  cell  plasma  membranes 
(unlabelled  arrowheads)  in  TCH-SP  reaction  with  and  without  prior  PA 
oxidation.  The  same  staining  characteristics  as  the  plasma  membrane  are 
also  observed  in  a  membrane  system  seen  at  the  periphery  of  the  sperm 
nucleus  (unlabelled  arrows)  which  appears  to  separate  the  two  size 
classes  of  mitochondria  (cf.  Fig.  56).  Plastids  similar  to  those  seen  within 
the  male  gamete  prior  to  fusion  are  visible  iSp)  within  the  egg  cell. 
PA-TCH-SP  reaction.  X  37,400. 


Fig.  56:  Electron  micrograph  of  pollen  tube  aperture  and  unfused  sperm  nucleus 
within  the  central  cell  soon  after  gametic  fusion.  Pollen  tube  (PT)  aperture 
indicated  by  unlabelled  arrows.  The  secondary  membrane  system  noted  in 
Fig.  55  is  also  visible  in  this  section  (unlabelled  arrowheads).  (This  section 
is  serial  to  that  shown  in  Fig.  55.)  PA-TCH-SP  reaction.  X  11,000. 
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fusion  (Cass  and  Karas.  1974),  but  possesses  essentially  the  same  staining 
characteristics  of  PA-sensitivity  as  are  observed  in  nearby  plasma  membranes 
(Fig  54,  55).  By  the  location  of  these  membranes  relative  to  the  sperm  nucleus, 
similarities  in  staining  characteristics  within  plasma  membranes,  and  the  temporal 
relationship  of  these  membranes  with  gamete  fusion,  it  seems  most  reasonable 
that  these  membranes  are  of  plasma  membrane  origin  and  that  they  are  produced 
as  a  result  of  gamete  fusion  -  possibly  remnants  of  the  sperm-central  cell 
fusion  membrane.  Segments  of  this  membrane  system  were  found  in  all  sections 
of  the  sperm  nucleus  examined,  and  appeared  to  be  restricted  to  the  narrow 
region  surrounding  this  particular  sperm  nucleus  (Fig  54,  55,  56).  At  some 

locations  along  this  membrane,  vesicle  patterns  suggestive  of  vesiculation  of  the 
membrane  are  seen  (upward  arrow,  Fig.  55),  suggesting  a  process  by  which  the 
presumed  fusion  membrane  may  become  disorganized  Similar  membranes  were 
not  observed  near  the  other  sperm  nucleus,  but  a  small  membranous  structure 
near  a  sperm  nucleus  within  the  egg  (Fig  53,  arrowhead),  may  represent  a 
remnant  of  a  similar  segment  of  sperm  membrane  in  the  egg  cell.  Evidence  for 
such  possible  fusion  membranes  is  temporally  restricted  to  stages  fixed  very 
soon  after  gamete  fusion,  and  are  not  evident  during  later  migration  of  the 
sperm  nucleus. 

The  egg  cell  wall  at  the  upper  lateral  and  chalazal  end  of  the  egg  is 
quite  different  from  that  in  the  lower  lateral  and  micropylar  parts  of  the  egg,  as 
discussed  previously  in  Chapter  5.  In  lower  parts  of  the  egg.  the  cel!  wall 
contains  numerous  longitudinally-aligned  periodate-sensitive  fibrils  aligned  parallel 
to  the  pollen  tube,  which  may  guide  the  pollen  tube  during  its  passage  in  the 
embryo  sac.  In  the  lateral  egg  wall,  near  the  region  of  pollen  tube  discharge  and 
above,  the  cell  wall  is  homogenous,  lacking  in  a  fibrillar  component,  and  as  a 
result  of  pollen  tube  growth  and  discharge  (Chapter  5  the  sctg  cell  wall  is 

disrupted  beyond  the  pollen  tube  aperture  (Fig  56,  66). 

In  the  upper  regions  of  the  egg  cell,  from  approximately  the  level  of  the 
pollen  tube  aperture  to  the  summit  of  the  egg.  modified  segments  of  egg  cell 
wall  are  evident  (Fig  57,  60,  61)  which  appear  to  relate  to  the  unequal 
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distribution  of  discharged  pollen  cytoplasm  between  the  egg  and  central  cell. 
These  areas  of  modified  cell  wall  were  first  reported  during  the  development  of 
the  egg  of  P.  zey/artica  as  electron-lucent  regions  with  a  constant  thickness, 
which  were  associated  with  straight  regions  of  the  plasma  membrane  and  stalked 
microtubules  (Cass  and  Karas.  1974;  see  their  Fig.  12).  Similar  segments  are 
observed  in  the  present  study;  however,  after  pollen  tube  discharge,  these 

segments  apparently  become  electron  dense  and  granular  (Fig.  57,  60,  61; 

arrowheads),  and  microtubules  are  more  generally  distributed  in  the  embryo  sac, 
occurring  frequently  near  the  region  of  gamete  delivery  (Fig.  50). 

While  the  role  of  these  modified  regions  of  cell  wall  is  not  directly 
known,  it  appears  that  these  regions  influence  the  distribution  of  the  degenerate 
pollen  cytoplasm  (arrowheads.  Fig  52,  66)  and  thus  seem  capable  of  influencing 
the,  position  of  larger  objects  introduced  between  the  egg  and  central  cell, 

including  the  sperms  and  vegetative  nucleus  The  presence  of  egg  cell  wall 
modifications  between  the  pollen  tube  aperture  and  their  location  relative  to  the 
vegetative  nucleus  (Fig.  67)  and  the  region  of  gamete  fusion  (Fig.  57,  60), 
suggests  that  egg  cell  wall  modifications  may  effectively  limit  the  movement  of 
objects  inserted  between  the  egg  and  central  cell  -  a  role  which  may  be 
important  in  stabilizing  the  position  of  sperm  cells  prior  to  gamete  fusion. 
Morphological  evidence  regarding  male  cytoplasmic  transmission 

Evidence  favoring  the  transmission  and  incorporation  of  paternally-derived 
organelles  in  the  female  gametophyte  was  observed  in  both  egg  and  central  cell. 
Plastids  which  are  uncharacteristically  dense  for  those  of  the  egg  cell  are  noted 
at  the  periphery  of  the  sperm  nucleus  within  the  egg  cell  soon  after  gamete 
fusion  (Fig.  53,  57)  and  within  adjacent  egg  cytoplasm  in  nearby  sections  (Fig 
55,  46  and  60).  Compared  to  plastids  within  the  unfertilized  egg  cell  (seen  in 

Fig.  59;  also  Cass  and  Karas,  1974,  Fig.  3,  5,  6)  and  plastids  of  maternal-origin 

soon  after  gamete  fusion  (Fig  61),  sperm  plastids  possess  a  relatively  dense 
stromata  in  uranium-lead  stained  material  (Fig  58),  are  somewhat  narrower 
(approx.  1.2  um  or  less,  instead  of  1.5  um  or  more),  and  have  a  less  highly 
developed  internal  membrane  system  (Fig.  58,  60j  Content  of  p.astogiobuli 
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Fig.  57:  Electron  micrograph  of  unfused  sperm  nucleus  and  associatea  cytoplasm 
in  the  egg  soon  after  gamete  fusion  has  occurred.  Plastids  (As)  similar  to 
those  of  known  paternal  origin  seen  in  Fig  58  are  seen  flanking  the 
sperm  nucleus  (A/)  within  the  egg  cell,  near  probable  site  of  gamete 
entry.  The  junction  between  the  egg  and  central  cell  shows  a  number  of 

periodically  occurring  wall  modification  (unlabelled  arrowheads),  also  visible 

in  Fig  60,  61.  These  areas  of  parallel  plasma  membrane  appear  similar  to 
those  described  by  Cass  and  Karas,  1974  (see  their  Fig.  12),  and  may 

serve  to  limit  the  mobility  of  objects  discharged  within  the  egg  cell  wall, 

possibly  including  stabilizing  the  position  of  male  gametes  for  cellular 
fusion.  UA-PbCit  staining.  X  18,800. 


Fig.  58:  Electron  micrograph  of  plastids  in  sperm  cell  within  growing  pollen  tube 
approaching  the  ovule.  These  plastids  are  morphologically  similar  to 
plastids  observed  flanking  the  sperm  nucleus  in  the  egg  soon  after 
gamete  fusion  (cf.  Fig  53,  57).  UA-PbCit  staining.  X  19,900. 


Fig.  59:  Electron  micrograph  of  a  typical  plastid  observed  within  a  mature, 
unfertilized  egg  cell.  Egg  plastids  {Pe)  possess  less  dense  stromata  and 
better  organized  internal  lamellae  than  sperm  plastids  prepared  by  the 
same  methods  (Fig  58).  N  egg  nucleus;  M  mitochondrion.  UA-PbCit 
staining  X  13,900. 


Fig.  60:  Electron  micrograph  of  plastids  flanking  the  sperm  nucleus  stained  by  the 
TCH-SP  reaction  shortly  after  gamete  fusion.  These  plastids  are  similar  in 
morphology  and  staining  characteristics  to  plastids  of  known  paternal 
origin.  Arrowheads  indicate  an  area  of  modified  egg  cell  wall  apparently 
modified  by  the  entry  and  discharge  of  the  pollen  tube,  and  subsequent 
gamete  transmission.  H30-TCH-SP  reaction.  X  31,600. 


Fig.  61:  Electron  micrograph  of  plastids  near  the  egg  nucleus,  stained  by  the 
TCH-SP  reaction  shortly  after  gamete  fusion.  These  plastids  are  similar  in 
morphology  and  staining  characteristics  to  plastids  of  known  female 
gametophyte  origin.  Arrowheads  indicate  a  modified  region  of  egg  cell 
wall  near  the  summit  of  the  egg  cell.  H,0-TCH-SP  reaction.  X  14,900. 
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appears  greater  in  these  plastids,  and  occasionally  there  are  paracrystalline  arrays 
within  the  stromata  (although  such  arrays  also  appear  on  occasion  within  plastids 
of  known  maternal  origin).  At  this  stage,  the  distribution  of  these  atypical  plastids 
within  this  embryo  sac  was  restricted  to  within  several  micrometers  of  the 
sperm  nucleus  and  did  not  extend  elsewhere  within  the  large  egg  cell  (Fig  52). 
Furthermore,  the  structure,  morphology,  and  staining  characteristics  of  these 
atypical  plastids  within  two  very  different,  staining  regimes,  closely  resembles 

plastids  described  within  sperm  cells  of  the  same  plant  (see  Chapter  3).  The 
approximate  number  of  plastids  observed  in  the  egg  also  agrees  with  the  number 
observed  in  sperm  cells  (see  Chapter  4;  Appendix  1). 

Statistical  evidence  of  male  cytoplasmic  transmission 

While  the  presence  of  dimorphic  plastids  in  the  sperm  and  female 
gametophyte  permits  differentiation  of  maternally  and  paternally-originating  plastids 
on  morphological  grounds  alone,  differences  in  mitochondrial  structure,  although 
evident,  are  better  dealt  with  in  a  statistical  treatment.  Size  differences  seemed 
apparent  between  mitochondria  of  male  and  female  origin,  and  the  regularity  of 
mitochondrial  shape  (spherical  to  roundly  ellipsoidal)  suggested  that  selection  of 
mitochondrial  width,  as  a  size  parameter  which  is  unbiased  by  section  orientation, 
could  prove  useful  in  differentiating  these  organelles  and  identifying 

paternally-originating  mitochondria  within  the  female  gametophyte. 

Mitochondrial  widths  were  measured  in  six  different  cell  types:  i)  Sperm  in 
pollen  grains  at  anthesis;  ii)  Sperm  in  growing  pollen  tubes  in  the  lower  style, 

within  100  urn  of  the  ovule;  iii)  Vegetative  cell  in  pollen  grains  at  anthesis;  iv) 
Vegetative  cell  in  growing  pollen  tubes  in  the  lower  style:  v)  Mature,  unfertilized 
central  cell;  vi)  Mature,  unfertilized  egg.  Average  mitochondrial  widths,  standard 

deviation,  comparison  of  the  data  with  a  normal  distribution,  and  .95  confidence 
intervals  are  summarized  in  Table  7.  Mitochondrial  widths  in  the  sperm  cell 
average  .29  um  in  pollen  grains  at  anthesis  (.95  confidence  interval,  .27  to  .30 
urn)  and  in  the  sperm  cells  during  late  pollen  tube  growth,  average  .22  um  (.95 
confidence  interval,  .205  to  .24  um).  Mitochondrial  width  is  greater  in  the  pollen 
grains  (ave.  45  um),  pollen  tubes  (ave.  43  um),  unfertilized  egg  (ave  .54  um).  and 
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central  cell  (ave  49  urn). 

The  .95  confidence  intervals  of  mitochondrial  width  in  sperm  cells  do  not 
overlap  with  those  of  the  pollen  grain,  tube,  egg,  or  central  cell.  Cases  in  which 
there  was  a  significant  degree  of  overlap  in  these  confidence  intervals  included 
the  pollen  grain  and  pollen  tube  mitochondria  and  those  of  the  egg  and  central 
cell.  A  minor  degree  of  overlap  also  occurred  between  .95  confidence  intervals 
of  mitochondrial  width  between  the  pollen  grain  and  central  cell  (Table  7).  It  is 
interesting  to  note  that  .95  confidence  intervals  between  sperm  in  the  pollen 

grain  and  pollen  tube  do  not  overlap,  probably  a  consequence  of  the  elongation 

of  sperm  mitochondria  noted  as  one  of  a  number  of  developmental  changes 
occurring  during  pollen  tube  growth. 

Differences  between  population  mean  averages,  as  determined  by  Students 
t-test  (Table  8)  indicate  a  statistically  significant  difference  in  mitochondrial  yvidth 
between  the  various  mitochondrial  widths  which  would  permit  their  cell  of  origin 
to  be  determined  within  the  femaie  gametophyte  The  Students  t  test  suggests 

that  mitochondrial  widths  differ  significantly  between  all  classes  of  cells,  with  the 
exception  of  those  in  pollen  grains  and  the  central  cell.  Differences  in  population 
means  were  evident  in  comparing  sperm  mitochondria  with  all  other  classes 

presented  thus  far,  but  were  slightly  less  significant  when  comparing  sperm 

mitochondria  in  different  developmental  stages  within  the  pollen  gram  and  pollen 
tube. 

These  results  strongly  suggest  that  mitochondrial  width  differs  within 
different  cell  types  to  the  degree  that  it  may  be  useful  in  identifying 

mitochondria  of  unknown  origin  within  the  embryo  sac.  Therefore,  a  seventh 
population  (S.CC,  Table  7)  was  constructed  exclusively  from  mitochondria 
observed  within  one-half  micrometer  of  the  sperm  nuclear  envelope  soon  after 
gamete  fusion  (e.g,  Fig.  54,  55)  within  the  central  cell.  Descriptive  statistics 
(Table  7)  suggest  that  these  are  of  paternal  origin.  The  range  of  mitochondrial 
widths  in  this  group,  varying  from  .132  urn  to  .288  urn  (ave  .21  urn),  overlaps 

closely  with  the  range  of  mitochondrial  widths  observed  in  sperm  cells  within  the 
growing  pollen  tube  (.165  to  .291  urn,  ave.,  .22  um).The  .95  confidence  intervals 


' 
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corroborate  this  observation  (Tabie  7).  No  such  overlap  in  confidence  intervals 
was  observed  between  this  group  of  sperm  nucleus-associated  organelles  and 
any  other  group,  including  that  of  the  unfertilized  central  cell  in  which  this  group 
was  observed,  nor  w'as  there  significant  overlap  at  the  .99  confidence  interval 
when  this  was  tested  (S.CC  .99  confidence  interval  was  .20  to  .23  um;  that  of 
the  unfertilized  central  cell,  45  to  .53  um). 

The  Students  t-test  (Table  9)  was  applied  to  this  undetermined  class  of 
organelles  to  provide  evidence  that  they  differ  significantly  from  mitochondrial 
widths  in  the  unfertilized  central  cell  and  the  pollen  tube,  the  two  most  important 
cell  sources  to  compare.  The  test  proved  significant  at  the  p  <  .0001  level 
(Table  9),  and  this  significance  level  also  applies  to  mitochondrial  widths  in  the 
unfertilized  egg,  pollen  grain,  and  sperm  within  the  pollen  grain.  Statistically 
insignificant  differences  were  observed  between  the  undetermined  class  of 
organelles'  and  sperm  cells  within  the  polien  tube  Insignificant  differences  were 
observed  in  comparing  this  undetermined  class  of  organelles  with  those  found 
within  cytoplasmic  bodies  found  isolated  between  the  egg  and  central  cell  (Table 
9).  The  degree  of  variance  differed  insignificantly  between  the  undetermined  class 
and  sperm  cells,  regardless  of  developmental  condition,  and  with  the  inactive 
pollen  grain  (Table  9). 

Presence  and  identification  of  unfused  cytoplasmic  bodies  between  the  egg 
and  central  cell 

Near  the  time  of  gamete  fusion,  a  number  of  unfused  membrane-bound, 
anucleate  cytoplasmic  bodies  are  frequently  observed  between  the  egg  and 
central  cell  (Fig.  62,  63)  and  are  restricted  in  distribution  to  within  approximately 
10-12  um  beyond  the  aperture  of  the  pollen  tube,  usually  within  micrometers  of 
the  vegetative  nucleus.  They  are  also  observed  up  to  a  day  after  fertilization  (Fig 
64).  These  bodies  possess  ribosomes,  endoplasmic  reticulum,  and  have  a  less 
electron— dense  ground  cytoplasm  than  either  the  egg  or  central  cell,  the  latter 
feature  is  held  in  common  with  unfused  sperm  cells  prio"  to  gamete  fusion  ‘mg 


49,  50.  51). 


. 


Table  9:  Student's  t  comparison  of  population  means  and  comparison  of  variance  in  mitochondrial  widths  in  mitochondria 
flanking  the  sperm  nucleus  within  the  embryo  sac  and  in  unfused  cytoplasmic  bodies 
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Fig.  62:  Electron  micrograph  of  unfused  segment  of  sperm  cytoplasm  soon  after 
gamete  fusion.  An  unfused  single-membrane  bound  cytoplasmic  body 
(unlabelled  arrows)  is  seen  appressed  to  the  membranes  of  the  egg  (£) 
and  central  cell  (CC).  The  size  of  mitochondria  (M)  inside  this  body,  the 
lesser  electron-density  of  the  cytoplasm,  and  the  proximity  of  this 
structure  to  the  pollen  tube  aperture  (several  micrometers  distal  to  this 
region)  strongly  suggest  that  this  represents  part  of  the  sperm  cell  which 
has  separated  from  the  main  cell  body  of  the  sperm  prior  to  gamete 
fusion.  H:0-TCH-SP  reaction.  X  30,750. 


Fig.  63:  Electron  micrograph  of  unfused  cytoplasmic  body  after  gamete  fusion. 

Mitochondrion  [M]  is  of  the  same  dimensions  as  those  within  sperm  cells 
of  the  growing  pollen  tube  in  the  lower  style.  Single  membrane  delimiting 
this  body  (unlabelled  arrow)  tightly  appressed  to  egg  and  central  cell. 
UA-PbCit  staining.  X  39,800. 


Fig.  64:  Electron  micrograph  of  unfused  cytoplasmic  body  adjacent  to  an 
eight-celled  embryo.  This  body,  seen  approximately  one  day  after 

fertilization,  is  surrounded  entirely  by  cell  wall  material  of  the  endosperm 
(En)  and  suspensor  (S).  The  cytoplasm  of  this  body  is  membrane-bound 

and  contains  probable  ER  (unlabelled  arrowhead),  poorly-organized  ground 
cytoplasm  and  a  mitochondria  (M)  with  dimensions  similar  to  those  of  the 
endosperm  and  zygote  The  location  of  the  pollen  tube  aperture,  seen  at 

this  location  in  adjacent  sections,  clearly  indicates  that  the  region  of 
gamete  fusion  and  the  remains  of  the  pollen  tube  (PT)  are  located  in  a 

region  destined  to  become  part  of  a  characteristically  massive  suspensor 
reported  elsewhere  in  the  literature.  UA-PbCit  staining.  X  28,600. 


Fig.  65:  Nomarski  interference  contrast  micrograph  of  sperm  and  egg  nuclei  during 
fusion.  Nearby  sections  of  the  same  embryo  sac  are  shown  in  Fig.  66, 
67.  Sperm  nucleus  (SN)  and  egg  nucleus  {EN)  have  formed  nuclear 
bridges,  trapping  several  cytoplasmic  bodies  within  the  fusion  nucleus 
within  the  newly-formed  zygote.  ABB  staining.  X  1,700. 


Fig.  66:  Nomarski  interference  contrast  micrograph  of  pollen  tube  aperture  and 
wall  modifications  within  the  newly-formed  zygote.  The  pollen  tube 
aperture  (unlabelled  arrows)  is  unstained  in  this  section  stained  for 
proteins.  Just  beyond  the  region  of  gamete  fusion,  a  constriction  of  the 
intercellular  space  between  primary  endosperm  and  zygote  is  evident 
(unlabelled  arrowheads),  modifying  distribution  of  the  densely-stained 
discharged  pollen  cytoplasm.  The  region  distal  to  this  constriction  contains 
the  vegetative  nucleus  in  another  section  (Fig  67).  ABB  staining.  X  1,700. 


Fig.  67:  Nomarski  interference  contrast  micrograph  of  sperm  and  central  cell 
nuclear  fusion  and  vegetative  nucleus.  Fused  polar  nuclei  [PN]  within  the 
incipient  primary  endosperm  nucleus  have  formed  nuclear  bridges  with  the 
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sperm  nucleus  (S/V),  with  several  small  cytoplasmic  bodies  visible  between 
these  two  structures.  Vegetative  nucleus  (VN)  is  visible  between  zygote 
and  primarv  endosperm.  A  comparison  of  this  figure  with  serial  sections 
Fig  65,  66  establishes  that  sperm  nuclei  fuse  with  their  respective  target 
nucleus  at  a  point  nearest  the  aperture  of  the  pollen  tube  (see  also  Fig. 
65).  ABB  staining  X  1,350.  •  - 
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The  mitochondria  observed  in  these  bodies  range  from  0.19  um  to  0.29 
um  in  width  (mean  average,  0.25  um)  and  appear  similar  in  size  and  structure  to 
those  observed  within  the  sperm  cell  in  the  pollen  grain.  The  .95  confidence 
interval  of  the  distribution  overlaps  with  that  of  sperm  mitochondria  in  the  pollen 
grain,  tube,  and  central  cell,  but  did  not  overlap  with  that  of  mitochondria  in  the 
pollen  grain  or  tube,  egg,  and  central  cell  (Table  7),  even  when  the  confidence 
interval  was  raised  to  the  .99  level.  A  Students  t-test  (Table  9)  comparison  of 
the  population  means  showed  a  very  significant  difference  in  mitochondrial  widths 
within  cytoplasmic  bodies  from  those  of  the  pollen  (grain  and  tube)  and  female 
gametophyte.  There  were  insignificant  differences  in  comparing  mitochondrial 
widths  within  cytoplasmic  bodies  with  those  of  the  sperm  within  the  pollen  grain, 
tube  and  central  cell. 

Statistical  tests  corroborate  the  identification  of  these  cytoplasmic  bodies 
as  isolated  segments  of  the  sperm  celi.  Their  location  relative  to  the  vegetative 
nucleus  and  the  number  of  mitochondria  observed  within  these  bodies  suggest 
more  specifically  that  these  segments  originate  in  the  sperm  projection  associated 
with  the  vegetative  nucleus,  which  is  possibly  severed  during  expulsion  of  the 
vegetative  nucleus  and  gametes  from  the  pollen  tube.  The  ratio  of  mitochondria 
observed  flanking  the  sperm  nucleus  in  the  central  cell  relative  to  that  in 

cytoplasmic  bodies  (roughly  8:1)  is  similar  to  actual  counts  of  mitochondria  in  the 
main  cell  body  and  projection  made  in  sperm  within  pollen  grains  at  anthesis 

(range,  approx.  1.4:1  to  4.9:1;  average,  2.45:1).  If  one  assumes  that  the 
projection  becomes  less  elongated  during  pollen  tube  growth,  as  reported 
previously  (Chapter  3),  and  that  the  probability  of  segmentation  likely  increases 

near  the  ends  of  the  sperm  projection,  the  8:1  ratio  observed  may  be  an 

accurate  estimate  of  the  proportion  of  mitochondria  in  the  main  cell  body 
transmitted  into  the  female  gametophyte  versus  those  untransmitted  during  gamete 
fusion  in  cytoplasmic  bodies  between  the  egg  and  central  cell. 
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C  Discussion 

In  unreduced  angiosperms,  the  synergids  appear  to  play  an  important  role 
in  receiving  the  pollen  tube  and  physically  mediating  the  transmission  of  sperm 
nuclei;  the  involvement  of  the  synergid  has  thus  figured  prominently  in  the  more 
recent  embryological  literature  (Jensen,  1973;  Mogensen,  1978;  Folsom,  1980).  In 
each  of  the  over  twenty  plants  examined  to  date,  the  synergid  has  proven  to  be 
the  exclusive  cell  type  to  receive  the  pollen  tube  and  its  discharged  contents 
during  normal  sexual  reproduction.  In  all  but  one  plant  examined  in  the  electron 
microscope  to  date  ( Petunia ,  van  Went,  1970),  morphological  changes  in  one  of 
the  two  synergids  precede  the  arrival  of  the  pollen  tube.  During  normal  function, 
this  degenerated  synergid  alone  receives  the  pollen  tube  and  possesses  the 
capability  of  transmitting  the  sperm  into  the  egg  and  central  cells.  However 
important  the  synergid  may  be  in  these  plants,  a  number  of  taxa  in  the  subfamily 
Plumbaginoideae  (family  Plumbaginaceae)  lack  these  apparently  essential  cells  and 
contrary  to  the  normal  condition  in  angiosperms,  possess  an  egg  apparatus 
consisting  of  exclusively  the  egg  cell.  Functions  universal  to  flowering  plants  will 
be  expected  to  be  present  in  these  reduced  megagametophytes,  but  the  means 
by  which  synergid  functions  are  transferred  to  other  cells  may  provide  insight 
into  essential  functions  of  the  synergid. 

In  the  past,  the  absence  of  synergids  in  taxa  within  the  Plumbaginoideae 
has  been  used  as  evidence  that  the  synergids  are  unnecessary  for  normal  sexual 
reproduction  (Maheshwari,  1950),  on  the  presumption  that  normal  sexual 
reproduction  occurred  in  the  Plumbaginoideae  The  events  of  gametic  transmission 
and  nuclear  fusion  however,  have  not  been  recorded  previously  in  any  of  the 
synergid- lacking  taxa.  In  the  only  previous  observation  of  events  relating  to  the 
mechanism  of  fertilization  in  the  Plumbaginoideae,  Dahlgren  (1916)  identified  and 
illustrated  sperm  nuclei  in  both  egg  and  central  cells  of  P / u mbaga i / a  mi crdntha, 
but  apparently  did  not  observe  nuclear  fusion  in  the  central  cell  Dahlgren  (1916, 
pg  61)  concluded:  "So  genannte  Doppelbefruchtung  findet  wahrscheinlich  statt  In 
Plumbago  zeylanica,  sperm  nuclei  have  been  observed  within  the  egg  and  central 
cells,  with  subsequent  nuclear  fusion  occurring  to  constitute  the  nuc!ear 
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complement  of  the  zygote  and  endosperm  Events  occurring  during  double 
fertilization  in  Plumbago  appear  essentially  similar  to  those  reported  in  other 
angiosperm  taxa  (Jensen,  1964:  Schulz  and  Jensen,  1977). 

Although  cytoplasmic  geneticists  have  long  regarded  that  organelles  of 
paternal  origin  accounted  for  certain  patterns  of  non-Mendelian  inheritance  in 
angiosperms  (Grun,  1976;  Gillham,  1978),  whether  these  organellar  traits  arise 
from  hereditary  characteristics  transmitted  by  sperm  organelles,  by  the  pollen 
tube,  or  arise  from  some  other  genetic  feature  has  remained  a  source  of 
controversy  among  embryologists.  The  structure,  condition,  and  ultrastructure  of 
the  sperm  cytoplasm  upon  deposition  in  the  female  gametophyte  is  still  largely 
unknown  in  flowering  plants.  Only  three  recent  studies  have  reported  observing 
sperms  within  the  degenerate  synergid  (Cass  and  Jensen,  1970;  Cocucci  and 
diFulvio,  1969;  Wilms,  1981),  and  in  these  cases,  as  in  Plumbago,  the  sperms 
appear  to  remain  cellular  until  transmission.  Among  the  number  of  embryological 
accounts  which  have  reported  the  non-transmission  of  sperm  cytoplasm,  only 
Jensen  and  Fisher  have  provided  any  evidence  which  would  suggest  that  any 
sperm  cytoplasm  is  shed  prior  to  gamete  fusion  (Jensen  and  Fisher,  1968a,  their 
Fig.  19,  20;  Fisher  and  Jensen,  1969).  In  Plumbago,  the  presence  of  paternally 
originating  plastids  of  probable  sperm  origin  in  the  egg  and  statistically  significant 
dissimilarity  of  mitochondria  surrounding  the  newly  transmitted  sperm  nucleus  on 
a  populational  level  with  those  of  the  pollen  tube,  central  cell,  and  egg  and  the 
lack  of  such  statistical  dissimilarities  between  mitochondria  surrounding  the  newly 
transmitted  sperm  nucleus  and  the  sperm  cell  within  growing  pollen  tubes  indicate 
transmission  of  organelles  originating  within  sperm  cells  The  numbers  of  plastids 
and  mitochondria  within  cells  of  the  female  gametophyte  soon  after  gamete 
fusion  corroborate  this  interpretation  (see  Appendix  1).  The  mechanism  of  gamete 
fusion  proposed  ■  in  this  work  (in  the  following  pages1  and  the  degenerate 
condition  of  pollen  tube  cytoplasm  make  the  possibility  of  transmission  of 
vegetative  cell  (pollen)  organelles  highly  unlikely.  Further,  there  is  no  evidence  that 
any  mitochondria  near  the  region  of  gamete  fusion  are  large  enough  to  have 
originated  in  the  pollen  tube  rather  than  the  sperm  cell  (Table  7;  the  maximum 
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mitochondrial  width  of  any  of  the  mitochondria  measured  within  0.5  um  of 
sperm  nucleus  was  .288  um;  the  minimum  mitochondrial  width  in  the  pollen  tube. 
.300  um;  the  .95  confidence  intervals  differ  significantly). 

Although  there  is  yet  no  genetic  evidence  relating  to  the  subsequent 
inheritance  of  heritable  male  cytoplasm  into  the  later  embryo  and  into  future 

generations,  detailed  observations  of  sperm  cell  cytoplasmic  organelles  near 
stages  surrounding  gamete  fusion  permit  an  analysis  of  events  during  gamete 
fusion,  including  observations  concerning  the  proportion  of  the  sperm  cytoplasm 
which  may  be  transmitted  into  the  female  reproductive  cells  during  this  process. 
Several  factors  permitting  this  analysis  include:  i)  the  dimorphism  between 

organelles  in  male  and  female  cells;  ii)  that  these  two  classes  of  organelles  may 
be  distinguished  even  after  gamete  fusion  and  fertilization;  and  iii)  that  sperm 
cytoplasmic  organelles  remain,  at  least  for  the  time  period  covered  in  this  study, 
similar  to  those  reported  previously  in  the  growing  pollen  tube  (Chapter  3).  The 

most  noteworthy  alterations  occurring  in  the  pollen  tube  include  loss  of  the  inner 
and  outer  vegetative  cell  plasma  membranes  with  consequent  loss  of  soluble 
components  of  the  sperm  cell  wall.  As  a  result,  the  sperm  plasma  membrane  is 
directly  exposed  to  its  surrounding  environment,  including  egg  and  central  cell 

plasma  membranes  and  the  rapidly  degenerating  pollen  cytoplasm  Such  a 

modification  of  male  gamete-associated  membranes  with  subsequent  apposition  of 
male  and  female  cell  membranes  was  also  noted  in  spinach  (Wilms,  1981),  and 
strengthens  the  possibility  that  disruption  of  vegetative  cell  membranes  is  a 
general  phenomenon  in  angiosperms  which  may  be  required  before  normal 
gametic  fusion  may  occur.  Similarly,  in  the  female  gametophyte  the  cell  wall  of 

the  chalazal  part  of  the  egg  is  disrupted  just  beyond  the  tip  of  the  pollen  tube 
(Chapter  5).  Schulz  and  Jensen  (1968)  also  noted  that  portions  of  the  egg  cell 

wall  were  disrupted  in  Capsella  and  invoked  a  mechanism  involving  disruption  of 
the  wall  during  pollen  tube  discharge  which  is  similar  to  that  described  in  P. 
zeylanica  (Chapter  5).  A  far  more  common  situation  in  the  unreduced  egg 
apparatus  is  for  the  egg  to  lack  a  continuous  wall  prior  to  gamete  deposition 
(Jensen  1973)  In  PI  umbago,  upon  the  deposition  of  male  gametes  into  the 
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embryo  sac,  each  sperm  become  tightly  appressed  to  both  the  egg  and  centra* 
cel!  plasma  membranes.  Since  the  intervening  inner  vegetative  cell  plasma 

membrane  is  lacking,  and  organized  cell  walls  are  either  disrupted  or  absent,  the 
only  materials  expected  to  be  associated  with  the  gametic  and  central  cell 

surface  would  be  those  typically  associated  with  the  plasma  membrane,  thus  the 
junction  between  each  of  the  sperms  and  the  egg  and  central  cell  constitutes 
essentially  a  direct  membrane-to-membrane  contact.  Such  a  junction  is  visible  in 

sperm  cells  deposited  in  the  embryo  sac  observed  prior  to  gamete  fusion  (Fig 
48-51).  The  membrane  appositions  and  variable  distance  observed  between 

apposed  membranes,  bear  strong  resemblance  to  membrane  appositions  reported 
during  cellular  interactions  of  fusing  higher  plant  protoplasts  (Fowke  and  Gamborg, 
1980). 

What  is  the  sequence  of  events  during  gamete  fusion?  Based  on  the 
observations  presented  in  this  thesis,  it  appears  that  the  process  of  gamete 
fusion  in  Plumbago  begins  with  the  delivery  of  two  single  membrane-bound  male 
gametes  between  the  plasma  membranes  of  the  egg  and  central  cell.  The 

geometrical  location  of  the  sperm  cells  between  the  egg  and  central  cell  results 
in  the  sperm  cells  becoming  tightly  appressed  to  the  plasma  membranes  of  both 
of  the  female  reproductive  cells  (Fig.  68A).  Gamete  fusion  would  logically  be 

expected  to  begin  at  a  single  location  on  each  sperm  plasma  membrane,  as 
shown  in  Fig.  68B  (arrowhead  near  SN2);  however,  subsequent  instances  of 

membrane  fusion  rapidly  occur  at  multiple  locations,  as  shown  in  Fig  68B 

(arrowheads  near  SNt  and  Fig.  68C  (arrowheads  near  SN,).  Fusion  membranes 
disorganize  by  progressive  vesiculation  of  remaining  segments  of  membrane  (Fig 
54,  55,  680.  Isolated  membrane  segments  (like  those  in  Fig.  54-56)  are  likely 

composed  of  elements  of  both  the  sperm  and  the  female  cell  involved 

Vesiculation  of  fusion  membranes  may  be  completed  in  less  than  five  minutes 

following  gamete  fusion.  In  Fig  68C  only  a  small  remnant  of  the  fusion 
membrane  may  be  visible  near  the  sperm  nucleus  in  the  egg  (arrowheads  nea^ 

SN^.  Even  though  sperm  are  surrounded,  from  their  inception,  by  the  inner 
vegetative  cell  plasma  membrane  and  more  distantly  by  the  outer  po'ien  plasma 
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68:  Reconstruction  of  gamete  fusion  in  P.  zeylanica. 


Drawing  68A.  Sperm  cells  (Si  and  S2)  located  between  the  egg  (E)  and 
central  cell  soon  after  discharge  from  the  pollen  tube  (PT).  Plasma 
membranes  of  egg  and  central  cell  indicated  by  unlabelled  arrowheads; 
heavy  lines  represent  egg  and  central  cell  tonoplasts.  Sperm  nuclei  are 
flanked  by  their  cytoplasmic  organelles,  including  mitochondria  [M)  and 
plastids  (P).  Vegetative  nucleus  {VN)  is  visible  at  the  right  of  the  figure 
between  the  egg  and  central  cell,  and  is  found  within  a  layer  of 
discharged,  degenerating  pollen  cytoplasm  (represented  by  gray  shaded 
areas). 


Drawing  68B.  Gamete  fusion  is  initiated  by  the  fusion  of  the  plasma 
membrane  of  the  sperm  and  one  ot  the  two  flanking  female  cells  (see 
arrowhead  near  S7).  Fusion  is  completed  at  more  than  one  site,  as  seen 
in  the  egg  (arrowheads  near  5]),  where  a  later  stage  of  fusion  is  visible 
Arrowheads  in  the  egg  indicate  areas  of  fusion  initiation  and  regions 
where  the  membrane  is  beginning  to  undergo  progressive  vesicuiation. 


Drawing  68C.  A  later  stage  of  gamete  fusion,  where  membranes  of  the 
sperm  within  the  central  cell  are  undergoing  vesicuiation  (arrowheads  near 
S/V2);  little  evidence  of  disorganizing  membrane  systems  is  seen  within  the 
egg  cell  (arrowhead  near  SNJ.  Areas  of  sperm  cytoplasm  which  are 
presumably  sheared  from  the  main  body  of  the  sperm  cell  near  the  time 
of  gamete  deposition,  are  evident  near  the  vegetative  nucleus  Jat 
unlabelled  arrow).  This  drawing  was  traced  from  sections  shown  in  Fig 
52,  53,  56  and  is  accurate  in  size,  scale,  and  location  of  nuclei  and 
organelles;  drawings  1  and  2  are  stages  postulated  from  the  data 
presented  in  this  study.  Approximately  X  7,500. 
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membrane  The  loss  of  these  two  membrane  systems  may  be  necessary  for  male 
gametic  transmission  and  is  a  feature  in  both  of  the  ultrastructural  studies  in 

which  sperm  have  been  described  soon  after  gamete  delivery  (Wilms,  1981; 
present  study).  Functionally,  the  presence  of  these  additional  membranes  would  be 
difficult  to  reconcile  with  the  expected  symmetry  of  plasma  membrane  fusion 

during  transmission  of  the  sperm.  Further,  membranes  of  the  vegetative  cell  have 
no  demonstrated  capacity  for  genetically-programmed  fusion  with  the  female 
membranes,  nor  would  they  be  expected  to  fuse  with  membranes  of  the  sperm, 

as  would  be  necessary  for  passage  of  sperm  from  the  vegetative  cell. 

Considering  the  outcome  of  the  continuing  presence  of  the  vegetative  cell 
membranes,  the  sperm  would  have  to  be  transmitted  through,  or  fuse  with,  two 
additional  membranes.  Such  a  pattern  of  membrane  fusion  is  unparalleled  in 
fertilization  studies  in  other  .biological  systems  and  seems  unlikely  in  angiosperms. 
In  angiosperms  with  an  unreduced  egg  apparatus,  the  absence  of  the  plasma 

membrane  in  the  receiving  synergid  corroborates  the  concept  that  the  number  of 
membranes  encountered  during  gamete  fusion  may  be  reduced  to  a  minimal 

number. 

The  role  of  normal  synergid  degeneration  in  gametic  transmission  in  normal 
flowering  plants,  if  any,  may  necessarily  include  the  disruption  of  the  synergid 
plasma  membrane  and  may  also  relate  to  the  disorganization  of  membrane  and 
cell  wall  layers  surrounding  the  sperm.  In  Plumbago,  the  presence  of  a 
degenerating  cell  is  not  observed,  but  a  specific,  localized  region  of  pollen 

cytoplasm  degeneration  is  noted  between  the  egg  and  central  ceil  (see  Chapter  5, 

Fig  42,  43)  The  rapidity  of  pollen  degeneration  is  a  characteristic  of  sexual 
reproduction  which  P / umbago  shares  with  the  other  angiosperms  studied  to  date 
(Jensen,  1973).  Even  though  the  presence  of  unfused  sperm  within  the  persistent 
synergid  is  abnormal  within  angiosperms,  their  occurrence  has  been  used  as 
evidence  that  synergid  degeneration  may  be  related  to  the  transmission  of  sperm 
nuclei  into  the  egg  and  central  cell  (Mogensen,  1978).  A  specific  mechanism  by 
which  synergid  degeneration  effects  gametic  transmission,  however,  has  not  been 

reported. 
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In  the  few  accounts  where  the  course  of  synergid  degeneration  is 
reported  in  entirety,  it  appears  that  the  penetrated  synergid  lacks  a  cell 

membrane  and  wall,  especially  at  the  chalazal  end  of  the  degenerated  synergid.  In 
cotton  (Jensen  and  Fisher,  1968a;  Fisher  and  Jensen,  1969),  a  plasma  membrane 
is  lacking  in  the  chalazal  end  of  the  degenerate  synergid  in  chemically-prepared 
materials  The  degenerate  synergid  undergoes  a  variable  degree  of  degradation 
prior  to  penetration  and  is  believed  to  guide  sperms  to  the  chalazal  end  part  of 
the  synergid  in  part  by  differences  in  the  cytoplasmic  consistency  of  the 
synergid  and  the  location  and  direction  of  the  subterminal  pollen  tube  aperture 

(Fisher  and  Jensen,  1969).  Although  freeze-substituted  preparations  of 
unpenetrated  synergids  did  not  display  conspicuous  features  of  synergid 
degeneration  after  pollination  (as  did  the  chemically-prepared  tissue),  it  was 
observed  that  material  from  the  penetrated  synergid  was  often  forced  from  that 
cell  regardless  of  preparative  technique  used  (Fisher  and  Jensen,  1969).  The  only 
electron  micrograph  of  a  newly-transmitted  sperm  nucleus  in  their  study  was 

located  in  the  egg  near  some  discharged  pollen  cytoplasm  between  the  egg  and 
persistent  synergid  (Fisher  and  Jensen.  1969;  their  Fig  8);  they  did  not  discount 
the  possibility  of  this  region  serving  as  a  possible  site  for  nuclear  transmission. 

In  spinach,  electron  micrographs  clearly  show  some  of  the  discharged 

pollen  cytoplasm  and  vegetative  nucleus  overarching  the  egg  (Wilms,  1981;  his 
Fig.  18).  According  to  Wilms,  a  single  instance  of  a  binucleate  sperm  cell  was 
noted,  "within  the  penetrated  synergid",  but  the  location  of  this  sperm  in  the 

chalazal  end  of  the  synergid,  where  the  synergid  plasma  membrane  and  cell  wall 
are  lacking,  makes  this  account  difficult  to  evaluate.  Van  Went  s  work  on  Petunia 
(van  Went,  1970),  showed  that  the  integrity  of  the  synergid  was  disrupted  after 

pollen  tube  penetration  and  that  the  discharged  tube  cytoplasm  was  often 

observed  between  the  central  cell,  persistent  synergid.  and  egg  In  Linum,  the 

products  of  synergid  degeneration  are  frequently  observed  between  the  persistent 
synergid,  egg,  and  central  cell,  even  before  the  arrival  of  the  pollen  tube  (Vazart. 
1969).  Vazart  further  suggests  that  the  region  occupied  by  these  degradation 
products  (rather  than  the  synergid  proper)  constitutes  the  site  or  male  gamete 
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deposition  and  transmission.  Several  additional  studies  note  the  breakdown  of  the 
degenerated  synergid  plasma  membrane  and  the  consequent  loss  of  cellular 
integrity  (including,  Cocucci  and  Jensen,  1969b;  Maze  and  Lin.  1975;  Mogensen, 
1972,  Mogensen  and  Suthar,  1979).  Events  reported  during  synergid  degeneration 
may  also  be  induced  in  cultured  ovules  by  adding  IAA  and  gibbereliic  acid  to  the 
medium  (Jensen,  Schulz,  and  Ashton,  1977);  synergid  degeneration  occurring  in 
these  cultured  ovules  is  essentially  identical  to  that  which  occurs  in-vivo 

Clearly,  in  these  plants  the  synergid  is  not  intact  following  the  arrival  and 
discharge  of  the  pollen  tube  into  the  embryo  sac  and  the  presence  of  material 
forced  into  intercellular  spaces  between  surrounding  gametophytic  cells  and  the 
ultimate  position  of  the  vegetative  nucleus  (Fisher  and  Jensen,  1969;  Cass  and 
Jensen.  1970;  Wilms,  1981)  suggests  an  unexpected  degree  of  similarity  with 
the  Plumbago  system. 

The  absence  in  penetrated  synergids  of  a  delimiting  plasma  membrane  and 
cell  wall  suggests  that  the  pollen  tube  arrives  in  a  region  which  shares 
boundaries  with  the  egg  and  central  cell,  which  in  this  regard  is  similar  to  the 
penetration  region  in  P.  zey/anica.  Such  a  geometric  organization  of  the  egg 
apparatus  would  permit  simultaneous  membrane  contact  between  sperm  cell 
membranes  and  the  plasma  membranes  of  the  egg  and  central  cell,  a  prerequisite 
for  gamete  fusion;  further,  such  simultaneous  contact  is  a  logical  prerequisite  for 
possible  gametic  recognition  The  likelihood  of  simultaneous  membrane  contact 
between  the  sperm  and  both  the  egg  and  central  cell  may  be  further  increased 
by  shrinkage  in  the  degenerate  synergid,  which  is  a  common  occurrence  in 
penetrated  synergids  (Jensen  and  Fisher,  1968a;  Schulz  and  Jensen,  1968;  van 
Went,  1970;  Mogensen,  1972;  Wilms,  1981)  or  the  occurrence  of  invaginated 
egg  or  central  cell  membranes  into  the  synergid.  as  reported  in  degenerated 
synergids  of  barley  (Cass,  1981). 

The  idea  that  synergid  shrinkage  may  increase  the  possibility  of  contact 
between  sperm  and  the  female  reproductive  cells  is  further  supported  by 
examining  the  relative  volumes  of  synergids,  before  and  after  fertilization,  and 

the  volume  of  a  sperm  cell  in  a  given  taxon.  Using  data 


comparing  this  to 


provided  by  Jensen  and  Fisher  (1968a)  on  freeze-dried  paraffin  sections  of 

synergids,  the  degenerated  synergid  shrank  from  an  original  volume  at  anthesis  of 
about  3500  um  to  a  post-degeneration  volume  of  820  umJ  within  one  day 

after  pollination  (several  hours  after  fertilization).  According  to  Jensen  and  Fisher, 
some  of  the  synergid  shrinkage  occurs  before  pollen  tube  arrival,  but  the 

completion  of  vacuolar  collapse  appears  intimately  associated  with  the  entrance 

and  discharge  of  the  pollen  tube  The  reported  size  of  the  mature  sperm  cells 

of  cotton,  8  X  14  um  (Jensen  and  Fisher,  1968b),  would  yield  a  sperm  volume 
of  approximately  230  urn-  each  (see  Appendix  One  for  calculation  techniques), 

which  could  occupy  between  one-fourth  and  one-sixth  of  the  volume  of  the 

degenerating  synergid  upon  gamete  deposition  into  that  synergid  This  would  seem 

to  be  such  a  large  proportion  of  the  volume  of  the  degenerating  synergid  that 

the  occurrence  of  simultaneous  membrane  contacts  between  the  sperms  and 

more  than  one  of  the  female  reproductive  cells  may  be  favored  Since 

membrane  contacts  between  the  sperms  and  the  other  synergids  are  unlikely 
because  of  the  typical  presence  of  a  well-defined  cell  wall  between  the  two 

synergids,  these  contacts  would  likely  occur  between  the  sperm  and  the  egg 

and/or  central  cell.  An  obvious  implication  of  the  large  size  of  the  sperm  cells 

relative  to  the  degerating  synergid  and  the  organization  of  the  normal  egg 
apparatus  is  that  the  presence  of  sperm-egg  and  sperm-central  cell  junctions 

without  an  intervening  cell  wall  is  possible  and  perhaps  favored  near  the  time  of 
pollen  tube  receipt,  particularly  near  the  chalazal  end  of  the  degenerated  synergid 
If  the  position  of  the  vegetative  nucleus  is  assumed  to  indicate  typical 

patterns  for  the  movement  of  sizeable  objects  within  the  penetrated  female 

gametophyte  (Fisher  and  Jensen,  1969),  the  consistent  location  of  the  vegetative 
nucleus  in  chalazal  parts  of  the  penetrated  synergid  in  angiosperms  studied  to 

date  (Fisher  and  Jensen,  1969;  Cass  and  Jensen,  1970,  Cocucci  and  diFulvio, 

1969,  van  Went,  1970;  or  slightly  exceeding  the  pre-penetration  boundries  of 
the  synergid,  Wilms,  1981)  may  suggest  similar  movement  patterns  may  be  true 

for  discharged  sperm  cells  within  the  embryo  sac  Simultaneous  memorane 
contact  between  sperm  plasma  membranes  and  those  of  both  the  egg  and 


central  ceil  constitutes  a  minimal  requirement  for  a  possible  system  of  gamete 
recognition  at  the  membrane  level  in  which  each  sperm  has  an  individual,  specific 
target  cell  even  prior  to  gametic  deposition  within  the  embryo  sac.  The 
possibility  of  this  occurrence  in  angiosperms  is  a  matter  of  conjecture;  however, 
the  presence  of  individually  identifiable  sperm  cells  in  Plumbago  makes  this  plant 
an  important  subject  for  future  research  that  will  attempt  to  identify  whether 
gametic  transmission  of  sperm  plastids,  which  are  predominantly  present  in  only  a 
single  sperm  cell  (Chapter  4),  are  preferentially  transmitted  into  either  the  egg  or 
central  cell,  or  whether  such  transmission  is  random.  Preliminary  data  indicates 
the  presence  of  a  significant  number  of  paternally-originating  plastids  only  in  the 
egg  and  zygote  in  three  cases  carefully  examined  to  date  (Fig  53.  57,  60)  and 
strongly  supports  this  possibility.  If  such  sperm  cell-specific  fusions  occur 
between  sperm  and  the  egg  and  central  cell  in  Plumbago,  one  is  faced  with 
questions  concerning  the  generality  of  such  a  cell  in  other  more  typical 

angiosperms.  While  the  morphological  characteristics  that  make  the  synergidless 
egg  apparatus  unique  may  be  features  subject  to  rapid  evolutionary  processes,  as 
the  general  occurrence  of  synergid  disruption  during  embryo  sac  function  may 

suggest;  events  at  the  cellular  level,  particularly  those  relating  to  gamete  function, 
may  be  expected  to  remain  subject  to  less  rapid  evolutionary  change.  The 

possibility  that  sperm  in  normal  embryo  sacs  may  also  undergo  simultaneous 

membrane  contact  between  the  egg  and  central  cell,  supports  the  likelihood  that 

cell-specific  recognition  events  regulated  at  the  membrane  level  are  not  restricted 
to  the  genus  Plumbago  alone  and  may  occur  during  double  fertilization  in  other 
angiosperms.  It  is  thus  possible  that  any  specific  membrane  changes  occurring  in 
the  egg  or  central  cell  of  Plumbago  as  a  result  of  prior  gamete  fusion  may 

render  that  cell  unavailable  for  fusion  with  a  second  sperm  cell,  preventing 
polyspermy,  but  that  a  second  gamete  recognition  event  may  be  needed  to 
determine  the  fate  of  the  remaining,  unfused  sperm 

The  majority  of  angiosperms  studied  to  date  have  revealed  sperm  cells 

which  are  identical  in  ultrastructural  organization,  but  if  tne  same  type  of  sperm 

cell  polarity  and  association  with  the  vegetative  nucleus  occurs  in  other  plants  as 
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has  been  seen  in  PI umbago,  differences  in  sperm  cytoplasmic  structure  in  other 

flowering  plants  may  simply  be  more  subtle  The  possibility  that  differentiation  of 
sperm  cells  is  a  relatively  advanced  evolutionary  characteristic  must  also  be 

considered,  and  if  valid,  would  suggest  that  plants  in  which  the  sperm  are  not 
individually  recognized  would  likely  represent  the  ancestral  condition  in  flowering 
plants  In  these  ancestral  plants,  it  would  be  expected  that  gamete  fusion  occurs 
by  a  mechanism  similar  to  that  described  by  Jensen  (1973),  in  which  gamete 
fusion  with  either  the  egg  or  central  cell  causes  that  cell  to  become  incapable 

of  further  fusion  events,  and  therefore,  that  the  remaining  sperm  is  transmitted 

to  the  opposite  female  cell. 
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VII.  Summary  and  Conclusions 

In  summary.  Plumbago  zey/anica  L  possesses  one  of  the  most  highly 
reduced  female  gametophytes  in  angiosperms,  consisting  of  five  cells  -  only  two 
of  which  directly  participate  in  fertilization.  The  absence  of  synergids. 
characteristic  of  this  subfamily,  is  indicative  of  a  transference  of  synergid 
functions  to  the  egg  which  is  expressed  in  the  structure  of  the  egg.  The  egg. 
located  at  the  far  micropylar  end  of  the  gametophyte,  has  numerous  cell  wall 
ingrowths  and  mitochondria  reflective  of  a  higher  physiological  activity  than  that 
displayed  to  date  in  angiosperm  eggs  within  unreduced  embryo  sacs.  Unlike 
typical  angiosperms,  the  pollen  tube  of  Plumbago  grows  through  egg  cell  wall 
ingrowths,  terminates  growth,  and  discharges  its  contents,  two  male  gametes,  a 
vegetative  nucleus  and  some  pollen  cytoplasm,  directly  between  the  egg  and 
central  cell.  Since  one  complicating  factor  in  elucidating  the  fate  of  the  sperm 
cytoplasm  has  been  the  presence  of  the  synergid  cytoplasm  a  thorough  study  of 
the  ultrastructure  of  the  male  and  female  gametophyte  of  P.  zey/anica  was 
undertaken  to  contribute  to  an  understanding  of  the  structural  basis  for  genetic 
transmission  of  plastids  and  mitochondria  in  flowering  plants. 

The  mature  male  gametophyte  consists  of  three  cells,  including  two  sperm 
cells  with  a  normal  complement  of  organelles  and  a  vegetative  cell  with  a 
polymorphic,  lobed  nucleus.  Within  indentations  of  the  vegetative  nucleus  is 
associated  a  long,  slender  cellular  projection  of  one  of  the  two  sperm  cells, 
which  is  the  structural  basis  for  the  association  of  sperms  and  vegetative 
nucleus  throughout  pollen  tube  growth.  The  second  sperm  is  connected  to  the 
first  by  a  cell  wall  with  plasmodesmata,  and  the  internal  pollen  plasma  membrane 
The  content  of  organelles  within  each  cell  is  somewhat  variable;  however,  the 
majority  of  plastids  are  consistently  found  in  the  second  sperm  cell,  whereas  the 
opposite  is  true  of  mitochondria.  Serial  reconstruction  of  22  paired  sperm  cells 
reveals  that  plastid  content  in  the  second  sperm  may  vary  from  8  to  46, 
mitochondria,  from  22  to  52;  the  other  sperm  cell  contains  0  to  2  plastids 
(usually  none),  and  from  154  to  319  mitochondria  Several  possible  microbodies 
were  noted,  but  in  most  cases  were  found  in  the  second  sperm  cell.  The  basis 
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of  this  asymmetric  distribution  of  heritable  organelles  (and  possibly  microbodies 
also)  appears  to  originate  in  the  generative  cell.  The  polarity  of  this  distribution, 
i.e.,  the  predominance  of  mitochondria  in  the  sperm  associated  with  the 

vegetative  nucleus  and  plastids  in  the  other  sperm,  was  consistent  in  each  of  the 
more  than  50  pollen  grains  examined  in  this  study. 

During  pollen  tube  growth,  this  association  continues,  but  becomes  looser 
and  the  sperm  cell  wall  decreases  in  thickness.  The  pollen  tube  enters  the  ovule 

through  the  micropyle.  displaces  several  nucellar  cells,  penetrates  the  eggs 

filiform  apparatus,  and  completes  growth  between  the  egg  and  central  cell,  at  a 
region  of  strong  curvature  of  the  egg  cell  wall,  70  to  80  um  deep  within  the 
embryo  sac.  There,  a  terminal  aperture  forms  and  the  pollen  tube  contents, 
including  two  sperms,  the  vegetative  nucleus,  and  a  limited  amount  of  pollen 
cytoplasm,  are  released.  Near  or  during  pollen  tube  discharge,  the  egg  cell  wall 
becomes  disrupted,  the  outer  and  inner  vegetative  cell  membranes  are  lost,  the 
sperm  cell  wall  apparently  dissipates,  and  the  sperm  plasma  membrane  becomes 
tightly  oppressed  to  the  plasma  membranes  of  the  egg  and  central  cell.  Gamete 
fusion  is  initiated,  in  each  sperm  cell,  at  a  single  location  in  the  plasma 
membrane,  but  is  completed  at  several  locations  as  evidenced  by  the  presence 
(and  thus  non-incorporation)  of  fusion  membranes  within  female  cells.  Remnant 

fusion  membranes  undergo  rapid  vesiculation  following  gamete  fusion  and  are 
quickly  disorganized.  Initially,  the  organelles  of  each  sperm  cell  are  clearly  evident 
following  gamete  fusion  in  the  egg  and  central  cell,  associated  with  the  periphery 
of  the  sperm  nuclei.  These  organelles  may  be  distinguished  by  morphology  and 
location  within  the  embryo  sac.  Nuclear  fusion  occurs  on  the  closest  side  of  the 
egg  and  central  cell  with  respect  to  the  pollen  tube  aperture,  and  is  similar  to 
the  process  described  in  other  angiosperm  taxa  Unfused  cytoplasmic  bodies, 
lacking  nuclei  but  possessing  mitochondria  and  other  organelles,  are  probable 
remnants  of  the  sperm  cell  projection  disrupted  during  gamete  discharge,  and 
remain  between  the  egg  and  central  cell,  presumably  degenerating  with  time  The 
vegetative  nucleus  degenerates  rapidly  between  the  egg  and  central  cell  near  the 
summit  of  the  egg 
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In  terms  of  its  structure  and  function,  the  egg  of  Plumbago  represents  an 
egg  apparatus  which  has  been  reduced  to  a  single  cell.  Similar  to  a  synergid  in 
terms  of  its  structural  organization  and  physiological  state  (as  reflected  by  its 
ultrastructure),  the  egg  of  Plumbago  determines  in  its  outer  surface  the 
characteristics  of  gamete  delivery,  possessing  constricted  regions  within  its 
junction  with  the  central  cell  that  may  determine  the  behavior  and  distribution  of 
cells  and  nuclei  introduced  into  this  region,  and  mediates  the  passage  of  the 
sperm  nucleus  into  its  cytoplasm  Unlike  a  synergid,  the  egg  does  not  undergo 
internal  degeneration,  although  degeneration  of  the  pollen  cytoplasmic  contents 
occurs  at  the  egg's  exterior;  the  egg  does  not  directly  receive  the  pollen  tube; 
and  it  functions  directly  as  a  gamete  Subsequent  research  concerning  the 
significance  of  asymmetric  distribution  of  plastids  and  mitochondria  may  reveal  a 
mechanism  for  conservation  of  paternal  plastids  in  the  embryo,  the  occurrence 
of  genetic  transmission  of  organeHar  heredity  into  the  offspring,  and  additional 
capabilities  of  the  egg  of  P.  zey/anica  with  respect  to  gametic  recognition 
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Appendix  1.  Morphometry  of  Sperm  Cells 

Introduction 

Before  an  understanding  of  the  importance  of  male  cytoplasmic 

transmission  is  possible,  there  must  emerge  a  clear  idea  of  how  many  organelles 

are  transferred  to  the  female  reproductive  cells  during  gamete  fusion,  in  an 

attempt  to  determine  whether  it  appears  to  be  a  significant  number  in 

comparison  with  the  organelles  originally  present  in  the  egg  and  central  cell.  In 

Chapter  4,  the  absolute  quantity  of  mitochondria,  plastids,  and  microbodies  in 
each  sperm  cell  w-as  determined  by  serial  ultrathin  sectioning  over  50  pollen 

grains  simultaneously.  After  more  than  320  serial  sections  were  taken  and 
mounted,  it  was  possible  to  count  the  number  of  organelles  in  1  1  pairs  of 

sperm  cells  (22  sperms);  the  total  number  of  organelles  represented  an  actual 
count,  rather  than  an  estimate.  However,  it  is  evident  that  not  all  sperm 

organelles  are  transmitted  during  gamete  fusion,  as  some  mitochondria  of  sperm 
origin  appear  to  remain  untransmitted  in  the  female  reproductive  cells,  found  in 

membrane-bound  cytoplasmic  bodies  between  the  egg  and  central  cell  (Chapter 

6). 

Reconstructing  the  site  of  gamete  fusion  in  the  female  gametophyte  by 
serial  ultrathin  sections  would  be  the  most  accurate  technique  of  determining  how 

many  organelles  of  sperm  origin  enter  the  egg  and  central  cell,  but  identification 

of  certain  organelles,  particularly  mitochondria,  would  be  difficult  under  the  best 
of  circumstances  Distinguishing  sperm  mitochondria  from  those  of  maternal  origin 
on  the  basis  of  populational  differences  in  mitochondrial  width  would  be 

impossible  if  too  much  time  had  elapsed  since  gamete  fusion;  the  circumstances 
under  which  one  could  observe  paternal  organelles  near  the  sperm  nuclei  are 
likely  to  be  transient. 

A  more  practical  alternative  to  this  procedure  would  be  constructing  a 
mathematical  model  of  sperm  morphology  with  the  capability  of  predicting  now 
many  male  organelles  are  actually  present  in  female  cytoplasm  based  on  the 
number  observed  in  selected  sections  In  brief,  this  technique  ‘explamgd  in 
greater  detail  on  following  pages)  would  be  based  on  1 )  determining  the 
frequency  of  mitochondria  or  plastids  in  a  given  volume  of  sperm  cytoplasm,  2) 
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calculating  the  frequency  of  organelles  in  selected  sections  of  newly  transmitted 
sperm  nuclei  with  associated  paternal  organelles;  3)  calculating  the  total  number 

of  organelles  based  on  their  expected  density  in  sperm  cytoplasm.  The  validity 

• 

of  this  technique  can  then  be  examined  for  accuracy  by  using  a  selected  section 
of  a  given  sperm  cell  from  Chapter  4  (for  which  an  absolute  organelle  count  is 
available),  and  comparing  the  predicted  total  number  of  organelles  in  the  sperm 
cell  with  the  actual  number  of  organelles  determined  by  serial  reconstruction 

A  Cellular  Mathematical  Model 

The  following  model  assumes  that  spindle  shaped  sperm  cells  may  be 
represented  by  two  cones  joined  at  their  bases  and  that  the  height  and  width  of 
the  union  of  these  two  cones  is  the  same  as  that  of  sperm  cells  The  nucleus 
is  represented  by  a  sphere  of  the  same  dimensions  and  approximate  volume  as 
the  sperm  nucleus. 

Mathematical  equations 

Given  two  cones  united  at  their  bases,  the  equations  relating  to  its  volume 
are  as  follows: 


Total  sperm  volume  =  2/3  *  <Pi>  *  (rS):  *  hS 

=  1/3  *  <Pi>  *  (rS):  *  IS 


Where: 


hS  =  height  of  one  cone 
IS  =  length  of  model 
rS  =  radius  of  cone  base 


The  volume  of  the  sperm  nucleus,  represented  as  a  sphere  is  calculated 
as  follows: 


Nuclear  volume  =  4/3  *  <Pi>  *  (rN) 


Where: 
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rN  =  sphere  radius 


The  volume  of  the  sperm  cytoplasm  may  be  represented  by  subtractinq 
nuclear  volume  from  the  total  sperm  volume. 

The  volume  of  the  median  longitudinal  section  is  then  calculated  as  the 
volume  of  a  rhomboid  of  the  same  length  and  width  as  the  sperm  cell  and  has 
a  thickness  identical  to  section  thickness.  Volume  of  the  rhomboid  may  be 
calculated  as  follows: 


Volume  of  sperm  in  section  =  1/2  *  W  *  L  *  ST 


Where: 


W  =  width  of  rhomboid 
L  =  length  of  rhomboid 
ST  =  section  thickness 


The  nuclear  volume  within  the  section  is  then  represented  as  a  disc  of 
thickness  identical  to  section  thickness. 


Volume  of  nucleus  in  section  =  2/3  *  <Pi>  *  rN1  *  ST 


Where: 


rN  =  nuclear  radius 


The  volume  of  the  sperm  cytoplasm  in  the  median  longitudinal  section  may 
then  be  determined  by  subtracting  the  volume  of  the  sectioned  nucleus  from  the 
total  volume  of  the  sectioned  sperm.  The  volume  of  the  sperm  projection 
associated  with  the  vegetative  nucleus  is  represented  by  a  cylinder  of  length  and 
width  similar  to  that  of  the  sperm  cell  and  may  be  calculated  as  follows 


Volume  of  cylinder  =  1/3  *  <Pi>  *  (rS>3  *  IS 


Organellar  frequency  per  volume  may  be  determined  using  the  number  of 
organelles  in  a  median  longitudinal  section  of  the  sperm  cell.  Organellar  frequency 
is  calculated  as  follows: 


Organellar  frequency  =  (#  Organelles)  »  ST  /  Do _ 

Sectional  volume  of  sperm  cytoplasm 


Where: 


Do  =  organelle  average  diameter 
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The  organellar  content  of  the  sperm  cel!  may  then  be  calculated  usinq  the 
following  formulae; 


Main  sperm  cell  body; 


Organellar  content  =  (Organellar  frequency)  *  Total  volume 

Sectional  volume  of  sperm  cytoplasm 


Sperm  cell  projection: 


Organellar  content  =  Organellar  frequency  *  Cylinder  volume 


Then  total  organellar  content  may  be  calculated  as: 

Organellar  content  (sperm  body)  +  Organellar  content  (sperm  projection) 


Sample  data  and  analysis. 
Assume: 


IS  =  Sperm  length  =  8  um 

dS  =  Sperm  diameter  =  4  um 

rS  =  Sperm  radius  =  2  um 

dN  =  Nuclear  diameter  =  3.5  um 

rN  =  Nuclear  radius  =  1.775  um 

ISP  =  Sperm  projection  length  =  30  um 

dSP  =  Sperm  projection  diameter  =  2.1  um 

rSP  =  Sperm  projection  radius  =  1.05  um 


Each  of  these  represents  values  which  occur  in  sperm  cells,  and  which  are  close 
to  the  average  values  given  in  Chapter  3.  Next,  assume  the  following  values  for 
data  from  a  given  median  longitudinal  section  of  a  sperm  cell. 


#M  =  Number  of  mitochondria  visible  =  28 
wM  =  Mitochondrial  width  =  .2864  um 
ST  =  Section  thickness  =  60  nm 


These  values  are  taken  from  electron  micrographs  of  sections  which  have  a 
silver  to  gold  interference  reflection  color  during  sectioning,  and  were  therefore 
assumed  to  be  approximately  60  nm  in  thickness.  The  diameter  of  the 
mitochondria  is  based  on  mitochondrial  width  in  sperm  cells  observed  within 
pollen  grains  at  antnesis  (Table  7).  The  resulting  calculations  are  as  follows 


Organellar  frequency  =  10.61  mitochondria  /  um2 
Organelles  in  sperm  body  =  174.29  mitochondria 
Organelles  in  sperm  projection  =  80.93  mitochondria 
Organelles  in  whole  sperm  cell  =  255.22  mitochondria 
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Documentation  for  the  program  on  the  facing  page: 
Program  keys: 


A 

B 

C 

D 

E 

START 

PROGRAM 

CHANGE 

Sperm 

Length 

(urn) 

CHANGE 
•  Sperm 
Nuclear 
Diameter 
(urn) 

CHANGE 
#  of 

Organelles 
per  Section 

m 

SPERM  PROJ 
Length 
Width 

(urn) 

a 

b 

c 

d 

e 

INITIALIZE 

PROGRAM 

CHANGE 

Sperm 

Width 

(urn) 

CHANGE 

Section 

Thickness 

(nm) 

CHANGE 

Organelle 

Diameter 

(urn) 

PRINT 

ALL 

REGISTERS 

Memory  structure: 

Register  1:  Sperm  length  =  iS 

Register  2:  Sperm  radius  =  rS  =  T/2  *  dS 

Register  3:  Sperm  nucleus  radius  =  rN  =  1/2  *  dN 

Register  4:  Section  thickness  =  ST 

Register  5:  #  of  organelles  in  section  =  #0 

Register  6:  Organelle  diameter  =  dO 

Register  7:  Total  sperm  volume 

Register  8:  Nuclear  volume 

Register  9:  Sperm  cytoplasmic  volume 

Register  A:  Volume  of  sperm  in  section 

Register  B:  Volume  of  nucleus  in  section 

Register  C:  Volume  of  sperm  cytoplasm  in  section 

Register  D:  Frequency  of  organelle 

Register  E:  Organellar  content  in  entire  sperm  cell 

Register  O':  Sperm  projection  length 

Register  V:  Sperm  projection  width 

Register  2:  Volume  of  sperm  projection 

Register  3':  Organellar  content  in  sperm  projection 
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Table  10:  A  program  (designed  for  a  progammable  Hewlett  Packard 
calculator)  to  calculate  the  number  of  organelles  or  other  subcellular  objects 
within  a  spindle  shaped  sperm  cell  based  on  organelle  number  in  a  median 
longitudinal  section. 
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These  data  alone  do  not  show  the  validity  of  the  technique;  however,  the 
fact  that  these  represent  data  that  is  not  far  from  the  average  values  for  length 
and  width  of  the  sperm  cell  body  and  projection  suggests  that  this 
approximation  is  reasonable  The  number  of  calculated  organelles  in  the 
mathematical  model  compares  favorably  with  the  average  figures  for  mitochondria 
in  serially  reconstructed  sperm  cells  ( cf .  Table  3). 

The  structure  and  simplicity  of  the  mathematical  model  lends  itself  readily 
to  use  of  pocket  calculators  and  is  easily  programmable  Table  10  illustrates  a 
program  generated  for  a  Hewlett  Packard  calculator.  Instructions  for  use  of  the 
program  are  given  on  the  facing  page.  The  data  given  in  this  section  were 
designed  to  give  data  on  organelle  numbers  that  was  similar  to  those  seen  in 
actual  data  from  Chapter  4.  In  order  to  get  these  figures,  only  the  two  most 
questionable  parameters  were  altered,  namely  sperm  nuclear  diameter  and  the 
thickness  of  the  sperm  projection.  In  my  opinion,  the  sperm  nuclear  diameter 
was  appropriate  because  an  ellipsoidal  model  based  on  real  nuclear  dimensions  (3 
um  X  6  um)  gives  a  volume  of  28.33  urn1;  the  model's  spheroidal  volume  was 
calculated  as  23.47  um-.  (The  behaviour  of  either  nuclear  model  is  very  sensitive 
to  the  radius  or  semi-axes  calculated,  as  these  values  are  either  cubed  or 
squared,  respectively,  to  determine  the  volume.)  The  diameter  of  the  sperm 
projection  varied  from  0.5  to  2. 5-3.0  um  depending  on  location  relative  to  the 
sperm  cell  body.  The  fact  that  the  diameter  of  the  sperm  projection  had  to  be 
exaggerated  somewhat  beyond  the  expected  average  projection  diameter  most 
probably  relates  to  problems  in  identifying  location  at  which  the  sperm  projection 
begins  relative  to  the  sperm  body.  Mitochondria  near  the  sperm  cell  body  tended 
to  be  included  in  the  organelle  counts  of  the  sperm  cell  body  rather  than  in 
those  of  the  sperm  cell  projection;  thus,  the  original  data  may  have  had  a 
systematic  source  of  error. 


